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Abstract 
Visual information is conveyed from the retina to the brain through axons of retinal ganglion cells 
(RGCs). There are >20 different subtypes of RGCs, each of which detects specific features. Classification 
of RGC subtypes is thus essential for us to understand how visual information is processed and delivered 
to the brain. 
Here I reported my efforts in classifying different subtypes of RGCs, using morphological, 
physiological and molecular criteria. A combination of these criteria allowed me to successfully identify 
subtypes from alpha RGCs, Foxp2-positive RGCs (F-RGCs) and RGCs labeled in a transgenic mouse line 
W3. 
First, I presented studies of classifying subtypes of alpha RGCs. Cell attached recording followed 
by morphology reconstruction revealed four subtypes of alpha-like RGCs: Off-sustained, Off-transient, 
On-sustained, On-transient subtypes, each of which has distinct morphological properties. In addition, we 
found osteopontin (OPN) as a molecular marker for all alpha RGCs. Following this discovery, we studied 
the role of OPN in alpha RGCs, Analysis showed that alpha RGCs preferentially survive and regenerate 
compared with other RGCs, leading us to test whether OPN can promote axon regeneration. Indeed, by 
combining OPN with growth factors, we were able to promote axon regenerations of RGCs. 
Second, I presented work in classifying subtypes of F-RGCs, which are recognized by expressing 
a transcription factor, Foxp2. Combinatory expression of Foxp2 with other transcriptional factors divides 
F-RGCs into four subtypes, which form two pairs differing in their dendritic field sizes. Cell attached 
recording showed that one pair, F-minion and F-minioff RGCs, are direction-selective, while the other pair, 
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F-midion and F-midioff RGCs, are not. Thus, we identified four new subtypes of RGCs labeled by 
transcriptional factor Foxp2. 
Third, I described initial efforts in classifying subtypes of RGCs labeled in the transgenic mouse 
line W3. W3 RGCs can be separated into two group based on their expression levels of fluorescent 
proteins, with the dimly labeled RGCs (W3D) remained uncharacterized. Initial analysis showed W3D 
RGCs include at least five subtypes of RGCs, which are different in their structures and physiological 
properties. 
Lastly, I described my work in developing a molecular tool for mapping electrical synaptic 
connections from genetically defined neurons or neuronal subtypes, making use of a dipeptide transporter, 
Pept2. Cells expressing Pept2 (in a Cre-dependent way) take up a gap junction permeable fluorescent 
dipeptide, which then diffuses and labels the coupled cells. We tested this method in cultured cells and 
validated it in mouse retina using AAV carrying Cre-dependent Pept2. I applied this method to one 
subtype of RGCs, J-RGCs, to label their coupling partners. 
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Chapter 1: Introduction 
1.1 Retina 
1.1.1 Why retina? 
One of the most important questions in neuroscience is how a given neural circuit works? To get 
an insightful answer to this question, the first step is to generate the part list, namely to classify neuronal 
subtypes within neural circuits and describe their properties. However, this is still hard to most parts of 
the brain due to its complexity. 
The mouse retina is an attractive model for characterizing subtypes of neurons and further 
studying their circuits, because of the following reasons: 1. It is part of the central nervous system. But 
compared with other parts of the brain, it has stereotyped structure and incredible regularity across 
different species. 2. Neuropil and somas are well separated in the layered structure of the retina, allowing 
us to study specific neurons of interest easily. 3. The retina is in the back of the eye, outside the skull and 
thus has pleasing accessibility compared with other part of the brain. 4. The retina receives little if not any 
feedback inputs from other parts of the central nervous system, thus we can isolate the retina and study it 
alone. 5. The stimuli to the retina can be well defined by light intensity, stimulus duration and so on. Thus, 
I chose mouse retina as the model system to study different subtypes of neurons within a group called 
retinal ganglion cells. 
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Figure 1.1: Organization of the vertebrate retina 
Retina is made of five types of neurons: photoreceptors (PRs), horizontal cells (HCs), bipolar cells 
(BCs), amacrine cells (ACs), and retinal ganglion cells (RGCs). Their somas form three layers: 
outer nuclear layer (ONL) contains photoreceptors, inner nuclear layer (INL) contains horizontal 
cells, bipolar cells, and amacrine cells, and ganglion cell layer (GCL) contains retinal ganglion cells 
and displaced amacrine cells. Their processes form two layers: outer plexiform layer (OPL) 
contains synapses between PRs, HCs, and BPs and inner plexiform layer (IPL) contains synapses 
between BPs, ACs and RGCs. Modified from Santiago Ramon y Cajal, 
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1.1.2 Organization of the retina 
The retina contains five types of neurons (Figure 1.1): Photoreceptors (PRs): they are major light 
detectors in the retina, converting light signals to electrochemical signals; Retinal ganglion cells (RGCs): 
they are the output neurons in the retina, sending axons to the retinal recipient regions in the brain; Three 
types of interneurons: horizontal cells (HCs), bipolar cells (BPs) and amacrine cells (ACs). These 
interneurons process information from the PRs and then transmit it to RGCs.  
PRs transduce light signals into electrical signals by hyperpolarization after photon absorption. 
There are two subtypes of photoreceptors: rods and cones. Rods are more sensitive to light with low 
intensity, thus are important for night vision. Cones are more sensitive to light with high intensity, thus 
are important for day vision. These PRs form synapse onto HCs and BPs in the outer plexiform layer 
(OPL), and hyperpolarization causes decrease of glutamate release from these PRs. 
BPs receive inputs from PRs, which can be split into two flavors: ON BPs express metabotropic 
glutamate receptors, which causes hyperpolarization after glutamate binding. Light onset causes decrease 
of glutamate inputs from PRs, thus leads to depolarization of these BPs. OFF BPs express ionotropic 
glutamate receptors, which causes depolarization after glutamate binding. In contrast with ON BPs, OFF 
BPs hyperpolarize after light onset. ON and OFF BPs have their axons laminate at the inner and outer 
halves of the inner plexiform layer (IPL) respectively, where they form synapses with ACs and RGCs 
(Werblin and Dowling, 1969). Thus, ON and OFF channels are physically segregated at the output level 
of the BPs. (Famiglietti and Kolb, 1976). BPs can be further divided into ~14 subtypes based on their 
morphological and physiological properties (Baden et al., 2013). 
Signals from PRs to BPs can be modulated by HCs. There is only one type of HCs in mouse 
retina, and they form electrical coupling with each other. HCs form GABAergic synapses with PRs and 
BPs, and are important in contrast detection of the retina (Bloomfield and Volgyi, 2009; Masland, 2001). 
Inputs from BPs are then transmitted directly onto RGCs, or indirectly through ACs. ACs process 
information from BPs and then transmit it to RGCs by forming synapses, which are predominately 
inhibitory. RGCs can be divided into three groups based on synaptic inputs they received: ON, OFF and 
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ON-OFF cells, which respond to light onset, offset and both onset and offset, respectively. RGCs are 
estimated to be of  >20 subtypes, each of which is detecting certain features of the visual inputs (Gollisch 
and Meister, 2010; Sanes and Masland, 2015).  
 
1.2 Retinal Ganglion Cells 
1.2.1 Why so many retinal ganglion cells (RGCs)? 
RGCs are strikingly diverse and there are at least 20 different subtypes of RGCs in the mouse 
retina (Badea and Nathans, 2004; Coombs et al., 2006; Kong et al., 2005; Masland, 2001; Sun et al., 
2002; Volgyi et al., 2009). Each subtype of RGCs provides a complete coverage of the visual fields 
(Sanes and Zipursky, 2010). The conventional understanding of RGCs’ functions is that the visual image 
is pre-filtered through retinal circuits, and RGCs relay this image to the brain. However, if that is the case, 
then a few RGC subtypes should be enough for the purpose. So why does the retina need so many 
different subtypes of RGCs? 
A partial explanation is that the RGCs are not just relaying the pre-filtered visual image to the 
brain. Instead, different RGCs integrate visual information from different parallel retinal circuits, and 
respond to different features of the stimulus (Figure 1.2) (Azeredo da Silveira and Roska, 2011).  
The idea that RGCs are feature detectors can be traced back to the 1950s. In 1953, Stephen 
Kuffler found that RGCs in cat retina could be classified into two groups based on their responses to light 
spots given at the center of their receptive fields: ON type responding to light onset and OFF type 
responding to light offset (Kuffler, 1953). This indicates that features of visual information can be divided 
into different subcategories, which are represented by the responses of different RGCs. Since then, 
researchers have had more understandings of RGCs as feature detectors. For instance, based on the 
preferred directions, four subtypes of ON-OFF direction-selective RGCs (Barlow and Hill, 1963; Barlow 
and Levick, 1965; Kim et al., 2008; Levick, 1967; Oyster and Barlow, 1967), three subtypes of ON 
direction-selective RGCs (Barlow and Hill, 1963; Barlow and Levick, 1965; Kim et al., 2008; Levick, 
1967; Oyster and Barlow, 1967), and one type of OFF direction-selective RGCs (Kim et al., 2008), were 
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reported. These cells respond strongly to moving stimuli in one particular (preferred) direction but rarely 
respond to stimuli in the opposite (null) direction (Taylor and Vaney, 2003). This is remarkable because 
these RGCs do not simply respond to the visual images but respond to the feature of directions of moving 
objectives. There are also other examples including approach detectors and differential-motion detectors 
(Gollisch and Meister, 2010; Munch et al., 2009; Olveczky et al., 2003). 
Evidence of different subtypes of RGCs as feature detectors also comes from morphological 
studies of the retina. Besides more than 20 different subtypes of RGCs, there are at least 10 different 
subtypes of bipolar cells and 30 different subtypes of amacrine cells (Masland, 2001). Different subtypes 
of RGCs connect with these different subtypes of retinal interneurons in a highly specific manner by 
forming synaptic connections in specific layers of the IPL. Thus, different subtypes of RGCs receive 
inputs from different subtypes of interneurons, and together they make up parallel circuits that compute 
different features of the visual stimuli. What’s more, if different subtypes of RGCs serve as different 
feature detectors, one would expect that they have different synaptic targets in the brain. That is exactly 
what was found in our laboratory(Hong et al., 2011). 
The view of different subtypes of RGCs as different feature detectors is strongly supported by 
these pieces of evidence. Thus, it is important to study different subtypes of RGCs in order to understand 
how the visual information is computed in the different parallel circuits in the retina. For example, we can 
know how certain visual information is processed by studying synaptic inputs to a certain subtype of 
RGCs, and we can know how this information is conveyed to brain by studying the synaptic targets of 
these RGCs. 
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Figure 1.2: Parallel channels of the retinal ganglion cells 
Different subtypes of retinal ganglion cells (RGCs) received specific inputs from different subtypes 
of bipolar cells (a) and different amacrine cells (b), thus form different parallel channels processing 
different features of the visual inputs. Adapted from Azeredo da Silveira and Roska, 2011. 
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1.2.2 Challenges in classifying RGCs 
The remarkable diversity of RGCs makes it difficult to study them. There are more than 20 
subtypes of RGCs, however, there are few if any molecular markers available marking subtypes of RGCs 
Without a molecular or genetic or molecular marker, it is hard to identify the same subtype of neurons 
from trial to trial. Further, it is hard to correlate their morphologies to their physiologies and to map their 
inputs and outputs. Researchers began to overcome this difficulty by generating mouse lines labeling 
subtypes of RGCs (Badea et al., 2009; Hattar et al., 2002; Huberman et al., 2008; Huberman et al., 2009; 
Kay et al., 2011a; Kim et al., 2010; Kim et al., 2008; Siegert et al., 2009; Yonehara et al., 2008). This 
makes it possible to study the morphologies, functions and circuits of the same subtypes of RGCs across 
animals and experiments. 
 
1.2.3 Alpha RGCs 
Alpha RGCs were first described morphologically in the cat retina (Boycott and Wassle, 1974), 
and later were discovered in many other mammalian species including mice (Peichl, Buhl et al. 1987; 
Peichl, Ott et al. 1987; Peichl 1991; Pang, Gao et al. 2003; Volgyi, Abrams et al. 2005). Morphologically, 
they look similar to the Y type retinal ganglion cells defined by their non-linear receptive fields (Enroth-
Cugell and Robson, 1966). Initially, alpha RGCs can be divided into two subtypes based on their 
responses to light: ON alpha RGCs, and OFF alpha RGCs (Wassle et al., 1981). 
In general, alpha RGCs are described as RGCs with large cell bodies and large dendritic fields. 
They can be labeled with antibodies against neurofilaments (Wassle, 2004). In mouse retina, although 
different researchers have described alpha RGCs, their sub-classifications of alpha RGCs based on the 
morphologies don’t completely correspond to each other (Badea and Nathans, 2004; Coombs et al., 2006; 
Kong et al., 2005; Sun et al., 2002; Volgyi et al., 2009). For example, in Volgyi, Chheda et al. 2009, the 
authors define alpha RGCs as subtypes G2 and G3, while Coombs, van der List et al. (2006) define alpha 
RGCs as subtypes M9 and M10, which correspond to G1, G3 and part of G2, G10 subtypes in Volgyi, 
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Chheda et al. 2009. This indicates that morphological classifications of mouse alpha RGCs are not 
consistent. 
Functionally, sub-classifications of mouse alpha RGCs have been more consistent. Recording 
indicates that there are three subtypes based on their responses to light: ON sustained alpha RGCs  show 
sustained responses to light onset; OFF sustained RGCs show sustained responses to light offset and OFF 
transient show transient firing to light offset (Murphy and Rieke, 2006; Pang et al., 2003; van Wyk et al., 
2009). 
Two transgentic mouse lines were described to label subsets of alpha RGCs: Calretinin receptor 2 
(CB2)-GFP was reported to have OFF transient alpha RGCs labeled(Huberman et al., 2008); W7, a Thy1-
YFP transgenic mouse line generated in our laboratory, was reported to label OFF sustained alpha RGCs 
(Kim et al., 2010). 
 
1.3 Axon regeneration 
1.3.1 Challenges in promoting axon regeneration 
Axon degeneration, or axon regeneration failure is a devastating disease. In central nervous 
system, after axotomy, axons degenerate and neurons die (Conta Steencken et al., 2011; Mansour-Robaey 
et al., 1994). Spinal cord injury, for example, leads to many people living with disabilities. However, 
current treatment for spinal cord injury is expensive and not effective. 
Many previous efforts have been put on studying inhibitory factors around the injury sites that 
keep axons from regenerate (Yiu and He, 2003). However, studies blocking these extrinsic inhibitory 
factors showed limited effects in promoting axon regeneration. This suggests that neuronal intrinsic 
regeneration ability may also be important (Liu et al., 2011; Sun and He, 2010). So far, we know little 
about the molecular mechanisms behind this intrinsic regeneration ability. It is thought that neurons in 
young animals have remarkable growth ability, while they lose this ability in adult animals to prevent 
axon overgrowth. The same mechanism may also play an important role in preventing adult neuronal 
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regeneration (Zheng et al., 2006). Thus, it is critical to identify these molecular mechanisms in order to 
promote axon regeneration. 
 
1.3.2 RGCs and optic nerve as a model to study axon regeneration 
RGCs and optic nerve serves as a good model to study axon regeneration and identify molecules 
that can promote axon regeneration, due to the following reasons: 1. The retina and the optic nerve are 
extremely accessible. One can easily detach the eye ball and the optic nerve from the rest part of the 
brain, and the retina can be easily dissected out from the eye ball. 2. The method to label optic nerve is 
available and efficient. One can inject fluorescent tracers in the eye ball and the whole optic nerve can be 
labeled. 3. It is easy to manipulate RGCs using viral tools. One can inject virus in the eye ball and infect 
RGCs to overexpress or knock-down certain genes and assay the outcome of the manipulations. 4. Mouse 
lines with different subtypes of RGCs labeled allow us to study and compare the regeneration ability of 
different subtypes of RGCs. 5. It is now possible to dissociate the retina and separate different subtypes of 
RGCs using fluorescence-activated cell sorting (FACS), and study their gene expressions (Kay et al., 
2012; Kay et al., 2011a; Kay et al., 2011b). This provides an efficient way to compare and seek molecular 
mechanisms behind axon regeneration.  
 
1.4 Electrical coupling 
1.4.1 Circuit wiring diagrams: chemical synaptic connections and electrical synaptic connections 
Neural circuits are assembled by neurons connecting to each other through synapses. There are 
two kinds of synapse: chemical and electrical (Figure. 1.3) (Hormuzdi et al., 2004). The difference 
between the two kinds of synapses is obvious based on their structures: 
Chemical synapses are formed by spaces called synaptic clefts which separate neurons 
completely. There is no cytoplasmic continuity between the neurons. Action potential at the presynaptic 
neuron triggers the influx of calcium and the exocytosis of neurotransmitters. Neurotransmitters, which 
are chemical, diffuse through the synaptic cleft and bind to their receptors at the postsynaptic neurons. 
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The receptors, binding to the neurotransmitters, can open the ion channels directly or indirectly. Opening 
of the ion channels of the postsynaptic neurons depolarize the postsynaptic neurons and even trigger the 
action potentials. Thus, the transmission through chemical synapses is unidirectional and relatively slow. 
In contrast, electrical synapses are formed by structures called gap junction channels, which 
connect the cytoplasm of neurons directly. Gap junction channels are formed by connexins, which allows 
ions and small messenger molecules to go through. Thus, the transmission of electrical synapses is 
bidirectional and very fast. 
As well as chemical synapses, electrical synapses are prevalent in central nervous 
system(Bloomfield and Volgyi, 2009; Connors and Long, 2004; Meier and Dermietzel, 2006). They can 
induce fast electrical communications between neurons and synchronize their activities. In addition, 
electrical synapses are able to induce metabolic communication by transmitting small molecules (< 1000 
molecular weight) like inositol triphosphate (IP3), cyclic AMP and small peptides (Harris, 2001). Thus, 
correct wiring of electrical synapses as well as chemical synapses is essential for the normal functions of 
the nervous system. Defects of chemical synaptic connections are involved in many neurological diseases, 
and malfunction of electrical synapses is associated with diseases like seizure and neurosensory deafness 
(Carlen et al., 2000; Laird, 2010; Nemani and Binder, 2005).  
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Figure 1.3: Schematic views of chemical synapses and electrical synapses 
For chemical synapses, action potential at the presynaptic neuron triggers the influx of calsium and 
exocytosis of the neurotransmitters. The neurotransmitters diffuse through the synaptic cleft and 
bind to their receptors at the postsynaptic neurons. The receptors, binding to the 
neurotransmitters, can open the ion channels directly or indirectly. Opening of the ion channels of 
the postsynaptic neurons depolarize the postsynaptic neurons (A). Electrical synapses are formed 
by structures called gap junctions. They are channels formed by connexins. The ions and small 
messenger molecules can go through gap junctions directly in both directions (B). Adapted from 
Hormuzdi et al., 2004. 
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1.4.2 Challenges in studying electrical synaptic connections 
However, compared to our good understanding of wiring diagram of chemical synapses, we 
barely know about that of electrical synapses. For example, several molecules were discovered to involve 
in chemical synaptic specificity (Sanes and Yamagata, 2009), but none was reported to regulate electrical 
synaptic specificity. Part of the reason is that compared to the many genetic tools to label chemical 
synaptic circuits (Boldogkoi et al., 2009; Lo and Anderson, 2011; Pickard et al., 2002; Viney et al., 2007; 
Wickersham et al., 2007), we have no genetic tools to label electrical synaptic connections. The current 
method for labeling the neurons connected by electrical synapses is intracellular injection of fluorescent 
tracers that go across gap junctions (Harris, 2001; Hoshi et al., 2006; Vaney, 1991). It is ineffective in two 
ways: 1. It can be applied to only a few cells per sample; 2. It is hard to apply to developing tissues or 
small cells. Therefore, a method that can efficiently and noninvasively label electrical synaptic 
connections from multiple neurons is desired for studying electrical synaptic connections. !
 
1.5 Description of research 
The purpose of my research is to classify subtypes of RGCs and study their properties. 
Specifically, I used morphological, physiological and molecular criteria to characterize three groups of 
RGCs called alpha RGCs, F-RGCs and W3 RGCs. Along the way, I found one molecular marker of alpha 
RGCs, osteopontin, that could be used to promote axon regeneration. In addition, I developed a genetic 
molecular method that can trace neurons connected by electrical synapses, and applied this method to a 
subtype of RGCs called J-RGCs. 
In Chapters 2, 3, 4, 5, I will describe my efforts in classify alpha RGCs (Chapter 2), F-RGCs 
(Chapter 4) and W3 RGCs (Chapter 5). I classified these cells based on their morphological and 
physiological properties and identified molecular markers to label them. Following the work on alpha 
RGCs, I will describe work in studying the role of osteopontin, a molecular marker of alpha RGCs, which 
can be used to promote axon regeneration (Chapter 3). 
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In Chapter 6, I will describe a molecular tool I developed to label electrical synaptic connections 
from genetically defined neurons. This method allowed us to study electrical synaptic connections from 
subtypes of RGCs, and I applied it to a subtype of RGCs called J-RGCs. 
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Chapter 2:  Four alpha ganglion cell types in mouse retina: function, 
structure, and molecular signature 
 
Preface: 
 The work presented in this chapter was collaboration between Brenna Krieger, a former graduate 
student in Markus Meister lab and David Rousso, a postdoctoral fellow in Josh Sanes lab. Brenna Krieger 
and I independently recorded from alpha RGCs labeled in Kcng4-Cre mouse lines and found four 
subtypes of alpha RGCs. We dye-filled these cells to show their morphologies. I performed initial 
screening for molecular markers of alpha RGCs and found osteopontin, PV and Brn3 factors. I also 
analyzed other transgenic animals labeling alpha RGCs, such as W7 and CB2-GFP lines. David Rousso 
performed screening for other molecular markers of alpha RGCs and analyzed their mosaics. Together, 
this leads to a paper written by Brenna Krieger, Markus Meister, Josh Sanes and me. This paper is in 
preparation and close to being submitted. 
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2.1 Abstract 
Visual information is conveyed to the brain through axons of retinal ganglion cells (RGCs). There 
are >20 different subtypes of RGCs, forming parallel channels detecting different features of the visual 
world. In order to understand how brain processes visual information, it is important to characterize RGC 
subtypes. Here we focused on alpha RGCs, a group of RGCs with large somata, stout axons and dendritic 
fields. We recorded alpha RGCs labeled in a mouse line Kcng4-Cre, and reconstructed their morphologies 
after recording. We found three known alpha RGC subtypes reported previously: On-sustained, Off-
sustained and Off-transient (Pang et al., 2003), and a new subtypes: Off-transient, each of which has 
distinct morphological and physiological properties. Molecular analysis revealed molecular markers for 
three alpha RGC subtypes and genetic analysis showed alpha RGCs labeled in Kcng4-Cre line included 
subtypes of alpha RGCs labeled in CB2-GFP line and W7 line (Huberman et al., 2008; Kim et al., 2010). !!!!!!!!!!!!
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2.2 Introduction 
The retina communicates visual information to the brain through the action potentials of retinal 
ganglion cells. This population of neurons consists of more than 25 distinct types, each of which covers 
the retina to reliably encode its part of the visual message. Among the best recognized types are the so-
called alpha ganglion cells. Although their characteristics vary from species to species, they are 
recognizable as a distinct morphological class by their large cell bodies, stout dendrites and axons, large 
mono-stratified dendritic arbors, and high levels of neurofilament proteins (Peichl, 1991). Alpha cells also 
share physiological properties: their visual responses are characterized by a short response latency and 
fast conducting axons. Thus the alpha cells are among the first to signal a new stimulus to the brain. 
Retinal ganglion cells with alpha-like morphology have now been confirmed in the retinas of over 20 
mammalian species including humans (Peichl, 1989, 1991; Peichl et al., 1987a; Peichl et al., 1987b; 
Straznicky et al., 1992; Wassle et al., 1981). This suggests that they play an essential role in visual 
processing. 
Despite the considerable attention focused on this class of ganglion cells, some basic uncertainties 
remain. One question regards the number of cell types in this class. Early work on cat and rabbit retina 
described two structural types, distinct primarily by the level of dendritic stratification in the inner 
plexiform layer. These were identified with two functional types, the On- and Off-brisk-transient cells, 
named thus for their rapid light response. Further morphological analysis in the rabbit retina suggested 
there may actually be 4 alpha types, with dendrites stratified at 4 levels, neatly symmetric around the On-
Off division of the IPL. These additional types were not, however, characterized physiologically. In the 
mouse retina, the consensus in the literature describes three alpha types. Their visual responses are Off-
Transient, Off-Sustained, and On-Sustained. If correct, this would imply an odd asymmetry of functional 
coverage, with an Off-channel that reports both transient and sustained changes, and an On-channel 
reporting only sustained signals. The mouse has become an increasingly important model animal in visual 
neuroscience, including an entire brain institute dedicated to understanding its visual cortex. Because the 
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alpha cells provide a privileged pathway to the thalamus and visual cortex, there is great value in 
understanding the visual signals carried by this population. 
One obstacle to a fuller understanding of the alpha cells has been the absence of a genetic handle 
on the entire population. This limits one’s ability to target them for physiological recordings or to 
manipulate them prospectively. Here we used a mouse line that labels a small fraction of RGCs with the 
expression of Cre recombinase. We found that this line includes all the previously known alpha ganglion 
cell types. By targeted recording we discovered a fourth type in this class with different visual responses. 
Furthermore, we identified a new feature of spike generation common to all the alpha types that points to 
complex intracellular dynamics. Finally, we used morphological and mosaic criteria to provide evidence 
that each of the four groups constitutes an authentic cell type. A comparison of structural and functional 
properties across all four types reveals a pleasing symmetry in neural coding by this important class of 
ganglion cells. 
 
2.3 Results 
2.3.1 The KCNG4-Cre mouse line labels four types of alpha RGCs 
We made use of a mouse line in which the gene for Cre recombinase was inserted into the locus 
encoding a potassium channel modifier, kcng4 (Duan et al., 2014).After crosses to a reporter line Thy1-
stop-YFP (Buffelli et al., 2003), double-transgenic retinas expressed fluorescent protein in subsets of 
neurons from all three cellular layers. The Thy1-stop-YFP reporter produced a more restricted pattern 
limited to some RGCs, bipolar cells, and amacrine cells (Duan et al., 2015). In this line, the labeled 
neurons in the ganglion cell layer were primarily RGCs with large somata and stout dendrites. These 
features are suggestive of alpha ganglion cells (Peichl et al., 1991). In addition, these RGCs were labeled 
with antibodies to neurofilaments (SMI-32) and to osteopontin, which are markers of aRGCs (Duan et al., 
2015). The overlap was extensive: 91% of the YFP-positive neurons in KCNG4-cre;thy1-stop-YFP1 mice 
were SMI-positive and 92% were osteopontin-positive; 82% of the SMI-32 positive neurons and 84% of 
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the osteopontin-positive neurons were YFP positive. Together, these features suggest that the RGCs 
labeled in KCNG4-cre;thy1-stop-YFP1 mice are primarily alpha cells. To test that notion further, we 
targeted single fluorescent ganglion cells for electrical recording and subsequently filled them with 
neurobiotin to inspect their structure. 
Results from four sample neurons are illustrated in Figure 2.1. Each cell was presented with the 
same visual stimulus: a circular disk centered on the cell body flashing black and white on a gray 
background. Four kinds of light response were observed: Off-sustained, with maintained firing during the 
dark phase and little or no firing during the bright phase (Figure 2.1a); Off-transient, with a brief burst of 
spikes at the start of the dark phase followed by rapid decay to little or no firing (Figure 2.1b); On-
sustained, with maintained firing during the bright phase (Figure 2.1c); and On-transient, with a brief 
burst at the start of the bright phase (Figure 2.1d). The whole-mount views of these filled neurons show 
large cell bodies and large circular dendritic trees. In depth, the dendritic fields of these sample neurons 
were sharply monostratified, and restricted to the On or Off laminas of the IPL (Figure 2.1d).  
Inspection of the entire population of recorded neurons revealed only these four functional types 
(Figure 2.2). The dynamics of light responses to the flashing spot clearly separate into On- and Off-
polarity (Figure 2.2a). Within each polarity, one group of cells fires only briefly after the transition, 
whereas the other shows a firing rate that decays gently from the initial peak to a maintained level. We 
analyzed these features further by measuring for each neuron’s response the peak firing rate and the 
exponential decay time of the subsequent decline. Scatter plots of these response parameters showed two 
well-separated clusters of Off cells (Figure 2.2b) and another two clusters of On cells (Figure 2.2c). 
Based on these graphs we therefore identified four functional types: Off-s, Off-t, On-s, or On-t. These 
names will be used in the remainder of the report. 
The first three of these alpha types have been described in prior studies of the mouse retina (Pang 
et al., 2003), but the On-transient type is new. This raised the concern whether it truly belongs to the 
conventionally defined alpha class, or represents some quirk of expression in the KCNG4-Cre line. To 
test for the classic neurofilament label, we identified On-t cells by electrical recording from fluorescent 
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neurons, then stained the retina using SMI-32 antibody, and identified the recorded neuron in the stained 
tissue. Three On-t cells tested in this way were all positive for SMI-32 (Figure 2.3a-d). As elaborated 
below the On-t cells share additional features with the three conventional alpha types. Thus we conclude 
that the On-transient neurons in the KCNG4-Cre line are alpha cells by all the criteria that define that 
class. Another concern was whether the difference between On-t and the On-s responses (Figure 2.2c) 
might somehow arise as an artifact, owing to variations in the physiological conditions of different retina 
preparations. Speaking against this interpretation, we frequently observed both sustained and transient 
On-responses in the same retina and among near-neighboring alpha cells (Figure 2.3e).  
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Figure 2.1 Morphology and light responses of 4 alpha ganglion cell types.  
a-d, Sample neurons with whole-mount views (outer images) and responses to a flashing spot (inner 
plots) for the Off-sustained (a), Off-transient (b), On-sustained (c), and On-transient (d) types. 
Raster graphs illustrate action potentials on repeated trials of a spot flashing on (white plot) and off 
(gray plot). e, Stratification of these 4 sample neurons. Each histogram indicates the distribution of 
the filled dendrites relative to the two ChAT bands in the inner plexiform layer. 
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Figure 2.1 Morphology and light responses of 4 alpha ganglion cell types. (continued) 
   
 
                   
 
                   
 
   
 
 
 
  
 
!26 
 
Figure 2.2 Kinetics of the light response for all alpha RGCs.  
a: Time course of the firing rate during flashing spot experiments (as in Fig 1), normalized to the 
peak rate for each cell, and sorted by response type. b, c: Scatter plot of response parameters for all 
alpha RGCs: For each cell the time course was approximated with an exponential decay. The 
abscissa shows the time constant of the decay, and the ordinate plots the ratio of initial to final 
value. Cell types color coded as in panel a. 
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Figure 2.2 Kinetics of the light response for all alpha RGCs. (continued) 
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Figure 2.3 Confirmation that On-transient KCNG4-Cre neurons are a separate alpha type.  
a-d: On-t cells express neurofilament. A loose patch recording of a fluorescent neuron (a) revealed a 
transient response to light steps (b). After fixation and antibody staining one can identify the same 
cell based on YFP label (c) and confirm that it is heavily labeled with the neofilament antibody 
SMI-32 (d). e: Two fluorescent neurons (black and green arrowheads) in close proximity showed 
transient (green) and sustained (black) response to a light step. 
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Figure 2.3 Confirmation that On-transient KCNG4-Cre neurons are a separate alpha type.  
(continued)  
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2.3.2 Structural and functional organization of the four alpha RGC types 
We analyzed the dendritic arbors of alpha RGCs, both in a planar view and in depth. The inner 
plexiform layer of the retina is precisely organized, and the synapses of different bipolar and amacrine 
types are restricted to specific levels within the IPL. Thus the stratification level of a ganglion cell’s 
dendrites determines what signals it can receive (Euler et al., 2014; Masland, 2001; Masland, 2012). All 
of the alpha cells we inspected were monostratified in narrow bands within the IPL (Figure 2.4). As 
expected, the Off types stratified in the outer portion of the IPL, and the On types in the inner portion. 
Using the two bands of ChAT expression as a reference, we confirmed the previously reported 
stratification levels of the Off-s, Off-t, and On-s types (van Wyk et al., 2009). The new On-t type 
stratified just outside the inner ChAT band, mirroring the Off-t type located just inside the outer ChAT 
band. In planar view, the four alpha types were less distinct. They all had large dendritic fields of >200 
µm diameter (Figure 2.4a), rather similar total length of dendrites (Figure 2.4b), and large soma 
diameters >15 µm (Figure 2.4c). 
We probed the receptive fields of alpha ganglion cells using the conventional spot series method: 
A small circular spot centered on the ganglion cell body was flashed on and off periodically; then the spot 
size was gradually increased. The response was measured by the peak firing rate following the On or Off 
steps (Figure 2.5a). With increasing spot size, the response increased at first, then reached a maximum 
and declined again (Figure 2.5b). The spot eliciting the largest response was taken as covering the 
receptive field center. The size of this center region was similar for all four alpha types: ~200-250 µm in 
diameter, slightly smaller than the dendritic fields (Figure 2.6b). The receptive field surround had a 
modest effect, producing a response suppression of ~40% from the peak value obtained with center-only 
stimulation (Figure 2.6a). Again, the four types were rather similar in this respect.  
We also tested for a nonlinear subunit structure within the receptive field, by covering the 
receptive field center with a square grating that contrast-reversed periodically (Figure 2.5c). While 
making the grating progressively finer we noted the bar width at which a response was barely detectable. 
For all but the Off-s type this threshold occurred at bars of ~30 um width (Figure 2.6c). This suggests 
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that the ganglion cell receives rectified input from bipolar cells with a receptive field of ~30 um diameter, 
10 times smaller than the receptive field center of the ganglion cell. However, the Off-s type behaved 
very differently and revealed almost no nonlinear input on a scale smaller than the receptive field center. 
The dynamics of the light response were assessed by inspecting the time course of the firing rate 
under a flashing spot stimulus of optimal size (Figure 2.5a). The response latency, from the light step to 
the peak rate of firing, was very similar across the four types (Figure 2.6d). They also all reached the 
same peak firing rate of ~250 Hz (Figure 2.6e). The subsequent relaxation from the peak happened very 
quickly (~50 ms decay time) in all the alpha types except for Off-s (~250 ms), which stood out clearly in 
this regard (Figure 2.6g). Together with the unusual linearity of its bipolar input (Figure 2.6f) this 
suggests that the Off-s ganglion cell collects input from a qualitatively different type of bipolar cell. 
Comparing the steady-state firing rate long after the light step to the peak firing rate, there was a 
dramatic difference between sustained and transient types (Figure 2.6i). This is unsurprising, because that 
feature served to define the types in the first place (Figure 2.2b,c). However, we found a similar 
difference in their baseline firing rates observed under a steady gray illumination (Figure 2.6h), 
suggesting that these sustained types receive synaptic inputs that are tonically active.  
Finally, we tested responses to moving bar stimuli traveling through the receptive field center 
along the long axis (Figure 2.5d). All alpha types responded well to a moving edge, and did so equally 
for all directions of motion, with no hint of direction selectivity (Figure 2.6c).  
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Figure 2.4 Population measures of alpha cell morphology. 
 a: Depth of dendritic stratification in the IPL. For each neuron this shows the peak of the depth 
histogram (Figure 2.1e). Fluorescent RGCs were targeted either using the KCNG4-Cre line (all 
alpha cells) or the W7 transgenic line (Off alpha cells). b-c: Total dendritic length (b) and soma 
diameter (c) for the 4 alpha types. Mean ± SEM. 
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Figure 2.5 Receptive field measures, illustrated for single cells (left) and over all cells of each type 
(right).  
a: Spot size series. left: Responses of a sample On-s cell to flashing spots of increasing radius (see 
inset). Firing rate averaged over 10 repeats. Latency to peak (D) and maximal firing rate (E) are 
defined based on the spot giving the highest peak firing rate. right: Peak firing rate as a function of 
spot size from such experiments, averaged over all cells of each type. Mean ± SEM across cells of 
each type. The baseline firing rate (H), the spot size producing the highest rate (B) and the response 
to large uniform stimuli (U) are all defined based on this plot. c: Nonlinear receptive field subunits. 
The stimulus was a bar grating, contrast-reversing every 1 s. A bar boundary was centered on the 
receptive field. left: A sample RGC fires a burst of spikes on every grating transition until the bar 
width drops below a threshold (F). right: Peak firing rate as a function of bar width. Mean ± SEM 
across cells of each type. d: Directional selectivity. left: the stimulus was a bar, moving along the 
long edge through the receptive field center in 8 directions. This sample neuron produces sustained 
firing while the bar travels through the center. right: Peak firing rate under this stimulus as a 
function of direction. Mean ± SEM across cells of each type. 
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Figure 2.5 Receptive field measures, illustrated for single cells (left) and over all cells of each type 
(right). (continued) 
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Figure 2.6 Receptive field parameters for all alpha types. 
a: Surround suppression. b: Center diameter. c:  Direction selectivity index. d: Peak latency. e: 
Maximal firing rate. f: Nonlinear subunit size. g: Response decay time. g: Steady/peak firing rate. 
h: Baseline firing rate. i: Steady/peak firing rate. 
Mean ± SEM across cells of each type. 
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2.3.3 The four alpha RGC types have distinct molecular signatures 
The four alpha RGC types described above share three molecular features that distinguish them 
from most or all non-alpha cells: expression of Kcng4 and osteopontin and high levels of neurofilaments 
(Duan et al. 2015). On the other hand, they each have distinct morphological and physiological 
features. This suggests that they are likely to be molecularly distinct as well.  To seek such distinctions, 
we adopted a candidate approach. We stained retinal sections or whole mounts with antibodies to 
osteopontin plus the candidate, then focused on markers present in some but not all osteoptonin-positive 
cells –i.e., alpha RGCs.   
Two groups of proteins proved to be useful in this context.  The first were three related 
transcription factors, Brn3a, b, and c (Pou4F1-3), which are known to be differentially and 
combinatorially expressed by RGC subsets (Badea et al., 2009; Badea and Nathans, 2011). Brn3b 
appeared to be expressed in most or all alpha RGCs, but Brn3a was expressed in about half and Brn3c 
was expressed in about one-quarter of alpha RGCs (Figure 2.7a).  The second was a set of three calcium 
binding proteins that are differentially and combinatorially expressed by RGC subsets: parvalbumin (PV), 
calbindin, and calretinin (Farrow et al., 2013; Pasteels et al., 1990). PV was present in most if not all 
alpha RGCs, consistent with results of Farrow et al. (2013), and no alpha RGCs were calretinin-positive, 
but calbindin was present in ~25% of alpha RGCs (Figure 2.7b).  
 Based on these results, we analyzed the morphology of the Brn3b-, Brn3c- and calbindin- 
positive !RGCs. We used a mouse line, Thy1-YFP-H, in which YFP is expressed in a small set of RGCs 
(Feng et al., 2000). Labeling is sufficiently sparse to permit clear visualization of dendritic morphology 
(~200 RGCs per retina; (Samuel et al., 2011)) and includes a wide variety of RGC types (Coombs et al., 
2006).  We triple-stained whole mounts with antibodies to osteopontin, GFP (which recognizes YFP) and 
the candidate, then imaged individual RGCs.  This analysis demonstrated that among alpha RGCs, Brn3a 
is present in all OFF cells, Brn3c is present only in OFF-t cells, and calbindin is present only in ON-s 
cells (Figure 2.7c).  
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Figure 2.7 Molecular distinctions among alpha RGCs.   
(A, B) Retinal whole mounts were stained with antibodies to Opn (green), plus antibodies to one of 
3 POU-domain transcription factors (Brn3a, Brn3b or Brn3c; red in A) or one of 3 calcium binding 
proteins (parvalbumin [PV], calbindin or calretinin; red in B). Brn3b and PV mark most alpha 
RGCs whereas Brn3a, Brn3c and calbindin mark subsets; alpha RGCs are calretinin-negative. (C) 
Whole mounts of YFP-H retina were stained for YFP, Opn, vAChT and the indicated marker. Cells 
that were OPN, YFP, and marker triple-positive cells were identified (green, cyan and red, 
respectively in top panels) and imaged (YFP only, middle panels). Stratification of YFP-positive 
dendrites was then determined with reference to that of startburst amacrines (vAChT-positive, red 
in bottom panels). Arrows point to the same cell displayed in each panel. Results are representative 
of 7-10 cells per type from 5 mice.!
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Figure 2.7 Molecular distinctions among alpha RGCs. (continued) 
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2.3.4 Transgenic lines label subsets of alpha RGCs 
We have shown here that the Kcng4cre line labels all four alpha RGC types. Previous studies 
have reported that two transgenic mouse lines, TYW7 (Kim et al., 2010) and CB2-GFP (Huberman et al., 
2008), label subsets of alpha RGC. These two lines express YFP (TYW7) or GFP (CB2) under control of 
Thy1 and calbindin2 regulatory elements, respectively, with patterns of expression governed by position 
effects that may differ from those of the endogenous gene. We asked whether these alpha RGCs were 
included within the types labeled by Kcng4, or whether they represented additional populations. 
Morphological and physiological analyses revealed that YFP-positive cells in the TYW7 line 
were of two types, corresponding to OFF-t and OFF-s alpha RGC (Figure 2.8a). To determine whether 
these are the same OFF-t and OFF-s cells labeled in the KCNG4-cre line, we made use of the fact that 
TYW7 is a “cre-off” line in which expression of cre leads to loss of YFP (Kim et al., 2010; Figure 2.8b). 
We crossed TYW7 mice to Kcng4-Cre and asked whether expression of YFP was extinguished. YFP 
expression was attenuated in Kcng4-Cre;TYW7 retinas by postnatal day 15 (P15), shortly after cre is 
activated in Kcng4-cre mice (~P12); the loss was dramatic by P25 and complete by P35 (Figure 2.8c). 
No loss of YFP was seen when Kcng4-Cre was crossed to a similarly constructed line, TYW3, labels a 
distinct subset of RGCs (Kim et al., 2010; Krishnaswamy et al., 2015; Zhang et al., 2012), indicating the 
specificity of the effect (Figure 2.8d).  
 Huberman et al. (2008) demonstrated that the CB2-GFP line labels OFF-t alpha RGCs. To ask 
whether these cells were included among Kcng4-Cre alpha RGCs, we analyzed triple transgenic mice 
CB2-GFP; Kcng4-Cre; Rosa-CAG-STOP-RFP (Figure 2.8e). All GFP-positive neurons were also RFP 
positive (Figure 2.8f). Together these results indicated that the !RGC labeled in Kcng4-cre mice include 
those labeled in TYW7 and CB2-GFP mice, consistent with out hypothesis that all alpha RGCs are 
Kcng4- and osteopontin-positive. 
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Figure 2.8 Transgenic lines label subsets of alpha RGCs.   
(A) Morphology and physiological responses of YFP-positive cells in the TYW7 line.  Structure and 
function were assessed as in Figure. 1.  All cells recorded corresponded to the OFF-s alpha RGC 
(top panels, x of y cells) and OFF-t alpha RGC types (bottom panels, x of y cells).  (B) Use of the 
cre-off feature of the TYW3 and TYW7 lines.  YFP if flanked by lox sites in these lines, so it is 
excised if cells also express cre in the Kcng4-cre line. (C) Loss of YFP from retinas in TYW7; 
Kcng4-cre double transgenics at indicate postnatal (P) ages.  (D) YFP persists in TYW3; Kcng4-cre 
double transgenics; TYW3 labels a set of non- alpha RGCs.  (E) Triple transgenic strategy to label 
both Kcng4-positive alpha RGCs (red) and CB2-GFP alpha RGCs (green).  (F) In these triple 
transgenics, CB2-GFP-positive alpha RGCs are also Kcng4-positive.  !
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Figure 2.8 Transgenic lines label subsets of alpha RGCs.  (continued) 
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2.3.5 Mosaic analysis of alpha RGC types 
Can the four groups of alpha RGCs we have described be subdivided further or are they true 
“types.” In the retina, neurons of a specific type are arranged non-randomly in a pattern called a mosaic, 
with two cells of a single type less likely to be near neighbors than would be expected by chance 
(Rodieck, 1991). In contrast, cells of different types are arranged randomly with respect to each other.  
Thus, mosaic spacing, as assessed by density recovery profile (DRP) analysis provides a means of testing 
whether a population comprises a types, multiple types, or only part of a type (Rodieck, 1991; Zhang et 
al., 2012). We therefore performed DRP analysis on three alpha RGC types (On sustained, Off sustained 
and Off transient), using the markers described above and the TYW7 line. Each of the alpha RGC types 
forms a unique mosaic (Figure 2.9). 
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Figure 2.9 Mosaic organization of alpha RGCs types.  
Four types of alpha RGCs were distinguished in retinal whole mounts by the molecular markers 
indicated above the top panels (see text and Figure 8 for details; asterisks show cells of the indicated 
type). The TYW7 line was used instead of Brn3a to label all OFF alpha RGCs, because of species 
incompatibilities of antibodies. Density recovery profile (DRP) analysis was then performed on each 
alpha RGC type (bottom panels; n=3-5 retinas per type from 3 mice). Dashed line, normalized 
average density.  !!!!!!!!
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2.4 Discussion 
Here we described work of classifying subtypes of alpha RGCs labeled in Kcng4-Cre mouse 
retina. We found four subtypes of alpha RGCs: On-sustained, On-transient, Off-sustained and Off-
transient alpha RGCs, each of which has distinct morphological and physiological properties. One 
subtype, Off-transient alpha RGCs, to our knowledge, was not reported previously. 
2.4.1 Alpha RGC family includes four subtypes 
We started this work by analyzing alpha RGCs labeled in Kcng4-Cre; thy1-stop-YFP1 mouse 
retina. These cells were noticed by their large somas, stout axons and dendrites, and expression of 
neurofilament (recognized by antibody SMI32), a molecular marker known to be expressed in alpha 
RGCs. Kcng4-Cre mice were generated by inserting Cre in the endogenous locus of the Kcng4 gene, 
which encodes a potassium channel modulator. Thus, the observation that alpha RGCs were labeled in 
Kcng4-Cre mice indicates that alpha RGCs express Kcng4. 
Besides neurofilament and Kcng4, we also discovered that osteopontin is expressed in nearly all 
the alpha RGCs but not other RGCs. Together, these three molecular markers set alpha RGCs from other 
RGCs, indicating that these cells belong to a family. 
Within the alpha RGC family, we classified four subtypes based on their morphological and 
physiological properties. This indicates that RGCs can be classified in a hierarchical manner, first into 
classes and then into subtypes. Another example is On-Off direction selective RGCs. There are four 
subtypes of On-Off direction selective RGCs, which are similar in morphological and physiological 
properties but differ in their preferred directions (Borst and Helmstaedter, 2015; Vaney et al., 2012). 
These On-Off direction selective RGCs form a family and share a molecular marker, CART (cocaine- and 
amphetamine-regulated transcript), which distinguish them from other RGCs. Together, these brought 
forward the intriguing idea of hierarchical distinctions of RGCs, which remained to be determined in 
other RGC subtypes. 
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2.4.2 A new subtype of alpha RGCs: On-transient alpha RGCs 
Pang et al. (2003) reported three subtypes of alpha RGCs based on their physiological properties 
in mouse retina: On-sustained, Off-sustained and Off-transient. Later studies confirmed this observation 
(Bleckert et al., 2014; Murphy and Rieke, 2006; van Wyk et al., 2009). We also found these three 
subtypes of alpha RGCs, whose morphological and physiological properties are consistent with previous 
studies. However, we found a new subtype of alpha RGCs labeled in Kcng4-Cre mouse lines. This 
subtype has transient responses to light onset, thus is called On-transient alpha RGCs. On-transient alpha 
RGCs also have large soma and dendritic fields, but differ from other subtypes in their dendritic 
laminations. We confirmed that this subtype belonged to alpha RGC family by identifying On-transient 
RGCs from recording, staining the retina with the antibody against neurofilament and determining that 
these cells are neurofilament-positive. Thus, we believe this is a new subtype of alpha RGCs that was not 
reported before. 
One possible reason for early studies to miss this subtype is that they only count for a small 
proportion of the alpha RGC population. ~20% of the On alpha RGCs are On-transient and the rest are 
On-sustained. Thus, it is possible that during experiments of random patching alpha RGCs, most of the 
On alpha RGC encountered were On-sustained, and the small proportion of On-transient alpha RGCs 
recorded were discarded as anomalous or misclassified into On-sustained group. Given that On-transient 
alpha RGCs are similar to On-sustained alpha RGCs in many aspects including dendritic fields, receptive 
fields and so on, it is hard to identify them without detailed analysis. Indeed, we found that On-transient 
alpha RGCs differ from On-sustained alpha RGCs mainly in two aspects: dendritic laminations and the 
ratio of peak firing rate to baseline firing rate.  
With the new On-transient subtype, the four alpha RGC subtypes can now be viewed as forming 
two pairs in the two senses: 1. On and Off pairs; 2. transient and sustained pairs. This pleasing symmetry 
of On and Off pairs corresponds to an organizational principle observed in other mammalian retina, called 
paramorphism, which means a set of channels has been duplicated to generate On and Off representations 
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of each feature detector (Famiglietti, 2004, 2005; Famiglietti and Kolb, 1976). In mouse retina, this has 
not been described in detail for RGCs. Here we showed alpha RGCs as an example of paramorphism. It is 
intriguing but remains to be determined whether paramorphism also exists in other groups of RGCs in 
mouse retina. 
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2.5 Methods 
2.5.1 Mice 
 Generation and characterization of KCNG4Cre, CB2-GFP, TYW3 and TYW7 transgenic mouse 
lines has been reported previously (Duan et al.,2014, 2015; Huberman 2008; Kim et al., 2010).  Cre-
positive cells in KCNG4Cre were visualized by crossing with Thy1-STOP-YFP line 1 (Buffelli et al. 2003). 
Mice were maintained on a C57B6 background. All experiments were conducted in accordance with 
protocols approved by the Institutional Animal Care and Use Committees at Harvard University and the 
California Institute of Technology.  
 
2.5.2 Electrophysiology 
Mice were dark adapted for at least 1 hour prior to euthanization by cervical dislocation. The retina was 
isolated under infrared illumination into Ames oxygenated with 95% O2, 5% CO2 at room temperature. 
A ~2-3 mm aperture was cut into nitrocelluose filter paper and the retina was mounted ganglion cells 
(RGCs) facing up. The experiment was conducted with the retina in a superfusion chamber heated to 34-
36 degrees C. A two-photon microscope was used to identify fluorescent RGCs for loose cell-attached 
recording. Data acquisition and the two-photon microscope were controlled using custom LabView 
software. Patch electrodes (2-5 MOhm) filled with Ames medium were used to record action potentials 
that were subsequently amplified with a Multiclamp 700B amplifier (Molecular Devices). Custom 
programs in IGOR (Wavemetrics Inc.) were used for spike thresholding and analysis. 
 
2.5.3 Stimulation 
Light stimuli were created using the Psychophysics Toolbox extensions in Matlab5–7. A modified Texas 
Instruments Lightcrafter with a custom lens system focused the stimuli onto the retinal photoreceptors 
(frame rate 60 Hz, magnification 9.1 um/pixel, intensity 10 mW/m2). Cones mediate vision at high light 
levels and, in the mouse retina, they typically coexpress two opsins: short (S) – and middle (M) 
wavelength sensitive with peak sensitivities of 360 and 508 nm, respectively8. The average stimulus 
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intensity expressed in photoisomerizations per second for each of the three mouse photoreceptors 
corresponds to 5.7 " 103  R*/s  for rod, 2.1 " 103 R*/s for M cone, and 4.8 " 103 R*/s for S cone.  
 
2.5.4 Histology 
After electrophysiological experiments, some retinas were fixed in fresh 4% paraformaldehyde in 
PBS at 4 degrees C for 1 hour. After fixation, the retinas were washed and incubated at 4 degrees C with 
primary antibodies for 4-5 days. Secondary antibody incubation at room temperature for 2 hours preceded 
mounting on a glass slide with spacers, ganglion cell side up, with Prolong Gold. Whole mount images 
were obtained on a LSM 710 inverted NLO microscope at 20X or 40X (Zeiss). The primary antibodies 
used were: anti-green fluorescent protein (~rabbit, IgG, Life Technologies) and anti-
nonphosphoneurofilament H (~mouse [1:1000], SMI-32, Sternberger Monoclonals Incorporated). 
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Chapter 3: Subtype-specific regeneration of retinal ganglion cells following 
axotomy: effects of osteopontin and mTOR signaling  
 
Preface: 
 The work presented in this chapter was collaboration between Xin Duan, a postdoctoral fellow in 
Josh Sanes lab and Fengfeng Bei, a postdoctoral fellow in Zhigang He lab. Xin Duan generated the 
transgenic mouse line Kcng4-Cre, and made the initial discovery that overexpression of osteopontin 
increases soma size. I analyzed the expression of osteopontin in alpha RGCs and the phenotype of 
osteopontin overexpression and knockout. Fengfeng Bei performed the cell survival and axon 
regeneration assays and we analyzed the results together. The work presented here resulted in the paper, 
which was written by Xin Duan, Josh Sanes and me: 
 
X. DUAN*, M. QIAO*, F. BEI*, I-J. KIM, Z. HE, J. R. SANES (2015) Subtype-specific 
regeneration of retinal ganglion cells following axotomy: effects of osteopontin and mtor 
signaling. Neuron. (* Co-first authors with equal contributions) 
 
This chapter looks pretty much like the paper except for a few minor changes.  
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3.1 Abstract 
In mammals, few retinal ganglion cells (RGCs) survive following axotomy and even fewer 
regenerate axons. This could reflect differential extrinsic influences on a homogeneous population, or the 
existence of subpopulations that vary in their responses to injury.  We tested these alternatives by 
comparing responses of molecularly distinct subsets of mouse RGCs to axotomy.  Survival rates varied 
dramatically among subtypes, with alpha-RGCs (!RGCs) surviving preferentially.  Moreover, among 
survivors, !RGCs accounted for nearly all regeneration following down-regulation of PTEN, which 
activates the growth-promoting mTOR signaling pathway.  !RGCs have uniquely high mTOR signaling 
levels among RGCs and also selectively express osteopontin (OPN) and receptors for the growth factor,  
insulin-like growth factor 1 (IGF-1).  When administered in combination with IGF-1, exogenous OPN 
promotes regeneration as effectively as down-regulation of PTEN; however, regeneration is still confined 
to !RGCs. Our results reveal dramatic subtype-specific differences in the ability of RGCs to survive and 
regenerate following injury, and they identify promising agents for promoting axonal regeneration.  !!!!!!!!!!
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3.2 Introduction 
Regeneration following injury to the mammalian brain or spinal cord is notoriously poor: few survivors 
extend axons beyond the injury site (Ramon y Cajal, 1928) and in some cases, many of the axotomized 
neurons die (Mansour-Robaey et al., 1994; Park et al., 2008) (Conta Steencken et al., 2011). Limited 
regeneration can be explained in at least two different ways. First, non-genetic differences among neurons 
could account for differences in outcome – for example, stochastic variation, history of activity or 
proximity to environmental cues that modulate growth.  Alternatively or in addition, distinct 
subpopulations within a seemingly homogeneous population could regenerate preferentially, owing to 
preexisting qualities that improve their lot. Distinguishing among these and other alternatives is important 
both in guiding searches for protective factors and in assessing interventions designed to enhance 
regeneration.   
Here, we analyzed retinal ganglion cells (RGCs) to address this issue. All visual information is 
conveyed from the eye to the brain by RGC axons, which run though the optic nerve to retinorecipient 
areas such as the superior colliculus and lateral geniculate nucleus.  Although all RGCs share numerous 
attributes, they can be divided into ~30 distinct subpopulations, based on morphological, physiological 
and molecular criteria (Masland, 2012; Sanes and Masland, 2015; Yamagata and Sanes, 2010). Following 
damage to the mouse optic nerve, >80% of RGCs die, and <1% of the survivors extend axons past the site 
of damage (Mansour-Robaey et al., 1994; Park et al., 2008). Regeneration of a substantial number of 
RGC axons can be elicited, however, by manipulations of the neurons themselves or the environment 
through which they grow (Aguayo et al., 1991; Benowitz and Popovich, 2011; Liu et al., 2011; Maier and 
Schwab, 2006; Park et al., 2008; Smith et al., 2009; Sun et al., 2011). Thus, one can ask whether specific 
subsets of RGCs differ in their abilities to survive following nerve crush and/or regenerate axons 
following treatment. 
In the first part of this study, we assessed survival of eleven RGC subtypes following transection 
of the optic nerve in mice. Subtypes differed dramatically in susceptibility to damage, with the largest 
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RGC types, alpha-RGCs (!RGCs), surviving preferentially but not exclusively. We then promoted 
regeneration by suppressing expression of PTEN, which acts, at least in part, by enhancing mTOR 
activity (Jaworski et al., 2005; Kim et al., 2009; Park et al., 2008; Zukor et al., 2013).  We found that 
!RGCs accounted for nearly all of the regenerating axons in this paradigm.  
Based on these results, we sought features of !RGCs that might account for their regenerative ability and 
found three:  they have high endogenous levels of mTOR activity, they selectively express a secreted 
phosphoprotein, osteopontin (OPN) (Bellahcene et al., 2008; Wang and Denhardt, 2008), which is 
capable of stimulating mTOR activity (Ahmed and Kundu, 2010), and they selectively express receptors 
for insulin-like growth factor 1 (IGF-1), which promotes regeneration of some neuronal types (Dupraz et 
al., 2013). Ectopic expression of OPN in combination with IGF-1 promotes regeneration of !RGCs as 
effectively as PTEN suppression. Together, our work identifies a neuronal-intrinsic factor that can 
promote regeneration and provides a strategy to identify additional regeneration-promoting factors.!!!!!!!!!!!!!
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3.3 Results 
3.3.1 Differential survival of RGC subtypes  
We used immunohistochemical or transgenic approaches to mark molecularly distinct subsets of RGCs in 
mice: 
• There are four groups of ON-OFF direction-selective RGCs (ooDSGCs), each tuned to motion in 
a single direction: ventral, dorsal, nasal and temporal. Antibodies to the neuropeptide cocaine- 
and amphetamine-regulated transcript (CART) label all four groups (Kay et al., 2011) while a 
transgenic line, HB9-GFP, labels the subset tuned to ventral motion (Trenholm et al., 2011).  
• W3 RGCs are labeled with YFP in the TYW3 mouse line (Kim et al., 2010). W3 RGCs are 
among the smallest RGCs in terms of soma size and dendritic diameter and are among the most 
numerous RGCs. They comprise at least two populations: W3B, which are motion-sensitive but 
not direction-selective, and W3D, which remain physiologically uncharacterized (Zhang et al., 
2012).   
• Antibodies to melanopsin label M1- and M2-RGCs, two subsets of intrinsically photosensitive 
RGCs that can be distinguished by the sublaminae of the inner plexiform layer (IPL) within 
which their dendrites arborize (Berson et al., 2010; Ecker et al., 2010).  
• The RGCs with the largest somata are !RGCs.  In mice, they comprise at least three subtypes, 
which differ in physiological properties as well as dendritic stratification (Estevez et al., 2012; 
Pang et al., 2003; Schubert et al., 2005; van Wyk et al., 2009; Volgyi et al., 2005). We recently 
generated and characterized a mouse line in which Cre recombinase is inserted into the locus 
encoding a potassium channel modulator, kcng4. When crossed to a reporter line (Buffelli et al., 
2003), subsets of bipolar cells and RGCs were YFP-positive in double-transgenic offspring 
(Kcng4-cre;Thy1-stop-YFP line 1; called Kcng4-YFP here) (Duan et al., 2014). Further analysis 
!56 
 
revealed that the labeled RGCs had large somata and dendrites and were rich in a neurofilament-
associated epitope, SMI32 (Figure 3.1). These features identified them as !RGCs (Berson, 2008; 
Peichl, 1991). Morphological and physiological analysis revealed that labeled RGCs included all 
three types of !RGCs, and no other RGCs (Fig. 1B and M.Q., X.D., J.R.S., B. Krieger and M. 
Meister, in preparation).  Thus, the Kcng4-cre line provides selective genetic access to aRGCs.  
Together, these markers allowed us to assay the survival of 11 RGC subtypes (4 ooDSGCs, 2 W3-RGCs, 
3 !RGCs, and 2 melanopsin-positive RGCs).    
We crushed the optic nerves of wild-type or transgenic mice and then assessed RGC survival 14 
days post crush (dpc).  Consistent with previous reports (Park et al., 2008), ~20% of RGCs survived, as 
assessed by staining for class III beta-tubulin (Tuj1), a pan-RGC marker (Figure 3.2 A, C).  The survival 
rate varied greatly among RGC subtypes. Over 80% of the !RGCs (Kcng4-YFP RGCs) and over 70% of 
the M1 RGCs survived, whereas few if any M2 RGCs or ooDSGCs (HB9-GFP and CART+ RGCs) 
survived (Figure 3.2 A-C).  Survival of W3 RGCs was intermediate (~10%). Examination of Kcng4-YFP 
retinal cross-sections, in which the three !RGC subtypes can be distinguished by dendritic lamination, 
indicated that all three subtypes survived (Figure 3.2 B). As a consequence, !RGCs and M1-RGCs, 
which comprise ~6% and ~3% of all RGCs in the normal retina, respectively, accounted for 23% and 
11% of surviving RGCs by 14 dpc (Figure 3.2 E).  
To ask whether the apparently preferential survival of !RGCs represented a delayed cell loss, we 
examined animals after two additional weeks (28 dpc).  Although ~10% of the RGCs were lost between 
14 dpc and 28 dpc, !RGCs and M1 RGCs were still preferentially spared, and comprised ~25% and 
~15% of all surviving RGCs, respectively (Figure 3.2 D, E).  Thus, !RGCs and M1 RGCs survive 
preferentially but not exclusively following nerve crush. 
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Figure 3.1 !RGCs are labeled in Kcng4-YFP mice. 
A. Whole-mount of Kcng4-YFP retina. Scale bar, 300µm.  
B. Field from Kcng4-YFP triply-stained with anti-YFP, anti-neurofilament (SMI32) and anti-
osteoptonin. >90% of the YFP+ RGCs are SMI32+ and OPN+. Scale bar, 100µm. 
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Figure 3.2 Differential survival of RGC subtypes following axotomy.  
A. Whole-mount views of retinas. Top panels show retina labeled with antibody Tuj1, which 
marks all RGCs. Lower panels show retinas from Kcng4-YFP, TYW3 and HB9-GFP mice, in 
which !RGCs, W3-RGCs, and ooDSGCs, respectively, are labeled. dpc, days post-crush. Scale 
bar, 50µm.  
B. Retinal sections labeled with anti-melanopsin in wild-type mice to label M1 and M2 cells, and 
YFP in Kcng4-YFP mice to label !RGCs. 1 and 2 indicate M1 and M2 RGCs, which can be 
distinguished by dendritic lamination; only M1 RGCs survive. 3-5 indicate examples of ON-, OFF-
transient and OFF-sustained !RGCs, which can be distinguished by dendritic lamination; all 3 
survive axotomy. Scale bar, 20µm.  
C, D. Fraction of RGCs of each subtype that survive axotomy at 14dpc (C) or 28dpc (D); data from 
preparations such as those shown in A and B. n=2-3 retinas per type.  
E. Fraction of all RGCs comprised by each subtype in intact retina, 14dpc, and 28dpc.  
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Figure 3.2 Differential survival of RGC subtypes following axotomy. (continued) 
!
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3.3.2 Selective regeneration of !RGCs  
Next, we compared the ability of RGC subtypes to extend axons following injury. To promote 
regeneration, we injected an adeno-associated virus (AAV) encoding a previously-validated short hairpin 
RNA directed against PTEN (shPTEN) (Zukor et al., 2013), a negative regulator of mTOR signaling.  We 
used immunostaining for a phosphorylated form (Ser235/236) of ribosome protein S6 (pS6) to assay the 
efficacy of shPTEN, based on previous studies showing that pS6 provides a reliable estimate of mTOR 
activity (Laplante and Sabatini, 2012; Park et al., 2008). Levels of pS6 were increased in ~60% of RGCs 
in optimally infected areas by 2 weeks following infection with AAV-shPTEN (Fig. 2A). Thus, AAV 
infects, and PTEN restricts mTOR signaling in, most if not all RGC subtypes.  A control AAV (AAV-
GFP) infected a similar fraction of RGCs but had no effects on pS6. AAV-shPTEN had no detectable 
effect on retinal structure or integrity (data not shown).  
To assess regeneration, we crushed the optic nerve Kcng4-YFP, HB9-GFP and TYW3 mice two 
weeks after AAV-shPTEN administration, then analyzed retina and optic nerve 14 dpc. Selective survival 
of !RGCs following depletion of PTEN was similar to that observed in control retinas after crush (Figure 
3.3). Regeneration was detected by counting YFP or GFP-positive axons in longitudinal sections through 
the optic nerves. We observed substantial regeneration of !RGC axons but no detectable regeneration of 
ooDSGC or W3-RGC axons (Figure 3.4 B).  
 To visualize all regenerating axons, we injected the anterograde tracer cholera toxin subunit B 
(CTB) into the retina 2-3 days before sacrifice.  In all lines, approximately 150 axons per retina 
regenerated at least 0.5mm past the crush site, accounting for ~3.5% of surviving RGCs (Figure 3.4 C, 
D). Importantly, >90% of the CTB-positive axons in the Kcng4-YFP retina were also YFP-positive 
(Figure 3.4 D).  No markers were available to label M1-RGC axons, but the near-complete overlap of 
CTB- and YFP-positive axons in the Kcng4-YFP line suggests that few if any M1-RGCs or other RGC 
subtypes regenerate. Thus, !RGC account for the vast majority of the regenerating axons following 
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down-regulation of PTEN.   
 
 
 
Figure 3.3 Selective survival of !RGCs in retinas injected with AAV-shPTEN-mCherry.  
A. Whole-mount views of retinas from indicated mouse lines at 14 dpc and 28 day after injection 
of AAV-shPTEN-mCherry. Scale bar, 50µm.  
B, C. Quantification of surviving RGCs in the RGC layer expressed as absolute values and as 
percent of values from control retinas. *, p<0.05, ***, p < 0.001. 
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Figure 3.4 Selective regeneration of !RGCs following axotomy.  
A. Sections from control retina, and a retina infected 2 weeks previously with AAV-shPTEN. 
Sections were stained with anti-pS6 and Tuj1. PTEN knockdown leads to increased mTOR 
signaling, revealed by increased levels of pS6. Scale bar, 20µm.  
B. Sections from optic nerves of Kcng4-YFP, TYW3 and HB9-GFP mice at 14dpc and 28 day after 
injection of AAV-shPTEN. * marks lesion site. Scale bar, 200µm.  
C. Section from Kcng4-YFP mouse, as in B but injected with cholera toxin B (CTB) to label all 
regenerated axons. All CTB-positive axons are YFP+ !RGCs. Scale bar, 200µm.  
D. Number of labeled regenerating axons 0.5mm distal to the lesion site at 14dpc, based on counts 
from sections such as those shown in (C), mean+/- S.D., n=3-5 optic nerves per type. *, p<0.05 
(Two-ANOVA with Bonferroni Posttests). 
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Figure 3.4 Selective regeneration of !RGCs following axotomy. (continued) 
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3.3.3 !RGCs have high mTOR activity and are rich in osteopontin 
In adult retina, ~10% of RGCs are stained intensely with anti-pS6, and therefore have high mTOR 
activity (Park et al., 2008). We asked whether the pS6-rich cells are !RGCs. In initial studies, we found 
variable pS6 levels in RGCs of adult mice (data not shown). We reasoned that neuronal activity, which is 
known to stimulate phosphorylation of pS6 (Knight et al., 2012), contributed to this variability. We 
therefore dark-adapted mice overnight to decrease activity of RGCs, then stained retinas of Kcng4-YFP 
mice for pS6. In dark-adapted retina, ~6% of RGCs were clearly pS6-rich, and the others were not 
detectably pS6-positive (Figure 3.5 A). The pS6-rich RGCs were !RGCs: >90% of Kcng4-YFP+ RGCs 
neurons were rich in pS6 and >85% of pS6-rich neurons were YFP+ (Figure 3.5 B).  In contrast, few if 
any M1 RGCs were pS6-rich (data not shown). 
 mTOR acts through two signaling complexes called mTORC1 and mTORC2 (Laplante and 
Sabatini, 2012). Phosphorylation of S6 is downstream of mTORC1, indicating that mTORC1 activity is 
enhanced in aRGCs. To test this idea, we stained retinas with antibodies specific to phosphorylated-
Raptor (pRaptor) and phosphorylated-Rictor (pRictor), which are mTORC1- and mTORC2-specific 
signaling components, respectively.  pRaptor was concentrated in !RGCs, whereas pRictor was present at 
low levels in non-!RGCs and barely detectable in !RGCs (Figure 3.5 C,D).  Thus, mTORC1 is active in 
!RGCs.  
 We then asked whether !RGCs express other genes that could play roles in their selective 
survival and regeneration.  In initial studies, we detected expression of osteopontin (OPN; gene symbol 
Spp1 for secreted phosphoprotein-1) in large RGCs in adult retina (M. Yamagata and J.R.S, unpublished).  
We selected this candidate for further analysis because OPN is expressed by a subset of RGCs in rats (Ju 
et al., 2000), can enhance mTOR activity (Ahmed and Kundu, 2010) and has been implicated in injury 
responses of other neuronal types (see Discussion). Immunostaining in the Kcng4-YFP line revealed that 
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>90% of !RGCs were OPN+, and 84% of OPN+ RGCs were !RGCs (Fig. 3E, F). Likewise, OPN and 
neurofilament SMI32 staining overlapped by >90% (Figure 3.1).  
To ask whether OPN regulates mTOR activity in the retina, we used AAV-mediated gene transfer 
to express OPN in multiple RGC subtypes. Over 60% of RGCs were strongly OPN+ in optimally infected 
areas two weeks after infection, and levels of pS6 were high in ~60% of OPN-rich RGCs (Figure 3.5 
G,H). Since aRGCs comprise only 6% of RCGs, OPN is clearly able to stimulate mTOR signaling in 
non-aRGCs   We also used OPN null mutant mice (OPN-/-) to ask whether the high mTOR levels of 
!RGCs require expression of OPN. Levels of pS6 in !RGCs did not differ detectably between controls 
and OPN-/- mice (Figure 3.5 I,J). Thus, OPN stimulates mTOR activity, but is presumably not the only 
factor that maintains high levels of mTOR activity in !RGCs. 
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Figure 3.5 Selective mTOR activity and OPN expression in !RGCs.  
A, B. Section of Kcng4-YFP retina labeled with antibodies to pS6 plus YFP (A) and quantification 
of their overlap (B). 
C,D. Sections of Kcng4-YFP retina labeled with antibodies to pRaptor (C) or pRictor (D) plus 
YFP.  
E, F. Section of Kcng4-YFP retina labeled with antibodies to OPN and YFP (E) and quantification 
of their overlap (F).  
G, H. Section of control retina (top) and retina infected with AAV-OPN (bottom) 2 weeks 
previously, labeled with antibodies to OPN and pS6 (G).  (H) shows fraction of OPN+ and pS6+ 
cells in both conditions.  
I, J. Section of Kcng4-YFP;OPN-/- retina labeled with antibodies to pS6 and YFP (I) and fraction 
of YFP+ cells that were pS6+ (J).   
n.s., not significant. n=3 retinas per condition. Scale bars are 50µm.  
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Figure 3.5 Selective mTOR activity and OPN expression in !RGCs. (continued) 
 
!!!!!
!
!68 
 
3.3.4 Osteopontin promotes RGC growth of non-!RGCs 
Before assessing the ability of OPN to affect regeneration, we investigated its role in the normal 
development of !RGCs. We found that the difference in size between !RGC and non-!RGC somata 
arose during the first postnatal week, whereas OPN was not detectable in RGCs until the second postnatal 
week (Figure 3.6 A, B). These results suggested that OPN is dispensable for the initial growth of RGCs.  
Consistent with this idea, we found no significant difference in size between control and OPN-/- !RGCs 
during the period of peak growth or in adulthood (Figure 3.7 A and data not shown).  Moreover, the 
majority of RGCs were rich in pS6 during the first postnatal week and pS6 immunoreactivity did not 
become restricted to aRGCs until the third postnatal week (Park et al., 2008). Thus, neither selective 
mTOR signaling or selective expression of OPN is required for !RGCs to reach their normal size.  
We also asked whether OPN can promote growth of RGCs in adults using AAV-mediated gene transfer 
of OPN, as described above.  RGC soma size (measured by area in sections) increased by ~30% over 
controls 4 weeks after introduction of OPN to a broad range of RGC types using Thy1-cre mice (Figure 
3.6 C, D). Analysis with subtype-specific markers indicated that small W3 RGCs were affected 
disproportionately (80% increase in area), whereas the size of !RGCs did not increase in the presence of 
supernormal levels of OPN (Figure 3.6 E and Figure 3.7 B); this is consistent with the presence of 
additional growth-promoting factors in these neurons. Together, these results indicate that OPN does not 
play an essential role in the development of !RGCs but can elicit RGC growth and mTOR signaling in 
adult retina. 
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Figure 3.6 Role of OPN in developing retina.  
A. Sections from retinas from TYW7 mice of indicated ages stained with antibodies to YFP and 
OPN. TYW7 labels OFF !RGCs (Kim et al. 2010 and B. Krieger, M.Q, X.D., J.R.S. and M. 
Meister, in preparation). OPN+ YFP- cells are presumably ON !RGCs. Staining is absent in 
retinas from OPN-/- mice. Scale bar, 50µm.  
B. Soma sizes of developing !RGCs and non-!RGCs, and OPN levels in !RGCs in developing 
retina. OPN levels were measured from sections such as those in (A), as described in Methods. 
C. Retinas from Thy1-cre mice infected 4 weeks previously with Cre-dependent AAV-YFP, with 
or without Cre-dependent AAV-OPN. Sections were labeled with antibodies to YFP and OPN. 
Bar, 20µm 
D. RGC soma area, calculated from images such as those in C.  
E. Soma size increase of W3-RGCs and !RGCs, measured from sections such as those in Fig. S3B. 
** p<0.01. 
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Figure 3.6 Role of OPN in developing retina. (continued) 
!
 
 
!
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Figure 3.7 Effect of manipulating OPN expression on RGC size.  
A. Soma sizes of !RGCs in control and OPN-/- mice at P12 and P15. n.s., not significant.  
B. Sections of retina from TYW3 and Kcng4-YFP retinas, uninfected (control) or infected two 
weeks previously with AAV-OPN. Scale bar, 10µm. 
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3.3.5 Osteopontin plus IGF-1 promotes axonal regeneration 
To ask whether OPN could promote axonal regeneration following nerve injury, we used the optic nerve 
crush protocol described above but infected retinal cells with AAV expressing OPN instead of shPTEN. 
Immunostaining showed expression of OPN in ~80% of RGCs in injured retina (data not shown) but 
regeneration was not significantly more effective in its presence than in control retinas (Figure 3.8 A, B). 
We therefore combined AAV-OPN administration with intravitreal injection of a growth factor. We chose 
IGF-1 because it has neuroprotective and regeneration-promoting abilities in other contexts (Dupraz et al., 
2013; Hollis et al., 2009) and because its receptor, IGF1R, is expressed by RGCs (Bu et al., 2013; Tagami 
et al., 2009) and see below). IGF-1 alone had no detectable effect on regeneration, but the combination 
promoted regeneration as effectively as shPTEN (Figure 3.8 A, B). In some cases, axons regenerated and 
extended more than 2 mm (Figure 3.9). OPN and IGF-1 promoted RGC survival to a modest extent 
(Figure 3.10 A, B), but the effect on survival was insufficient to account for the effect on axonal 
regeneration.  
We then tested the relationship of OPN, IGF-1 and mTOR activation as promoters of 
regeneration.  IGF-1 on its own had no detectable effect of mTOR signaling in RGCs following axotomy, 
but expression of OPN, with or without IGF-1 enhanced mTOR signaling, following axotomy as it did in 
normal retina; (Figure 3.11 A, B). Moreover, rapamycin, a potent and specific inhibitor of mTOR 
(Laplante and Sabatini, 2012), blocked axonal regeneration promoted by OPN plus IGF-1 (Figure 3.8 C, 
D) as well as the OPN-induced increase in pS6 levels (Figure 3.11 C) with minimal effects on neuronal 
survival (Figure 3.10 C). Conversely, regeneration promoted by shPTEN is affected little if at all in OPN-
/-
 mice (data not shown). These data place mTOR signaling downstream of OPN in a molecular pathway 
that promotes regeneration.  
We also tested the combination of OPN and brain-derived neurotrophic factor (BDNF), because 
BDNF promotes RGC branching and its receptor, TrkB, is expressed by RGCs (Cui et al., 2002; 
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Sawai et al., 1996).  Like IGF-1, BDNF was ineffective on its own at promoting regeneration and had 
a modest effect on survival. However, OPN plus BDNF stimulated regeneration to a similar extent as 
OPN plus IGF-1 (Figure 3.8 E, F and Figure 10 B). Thus the stimulatory role of IGF-1 was not 
unique and OPN can promote substantial axon regeneration when paired with growth factors. 
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Figure 3.8 OPN promotes regeneration of axotomized RGCs.  
A. Sections of optic nerves at 14dpc. Retinas were untreated, infected with AAV-OPN, injected with 
IGF-1 or BDNF, or both infected and injected.  
B. Numbers of regenerating fibers at indicated distances from lesion site, measured from sections 
such as those in (A).  
C. Sections of optic nerves from Kcng4-YFP mice injected with (AAV-OPN+IGF-1) with or without 
rapamycin.  
D. Numbers of regenerating fibers, measured from sections such as those in (C) and Fig. S5C.  
n = 3-5 optic nerves per condition.  
E. Sections of optic nerves from Kcng4-YFP mice injected with BDNF with or without AAV-OPN.  
F. Numbers of regenerating fibers measured from sections such as those in (E).  
Scale Bar for A, C, E, 200µm. *, p<0.05.!!
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Figure 3.8 OPN promotes regeneration of axotomized RGCs. (continued) 
!
!
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Figure 3.9 Effect of OPN on regeneration of RGCs following axotomy.  
Section of optic nerves from wild-type mouse treated with AAV-OPN and IGF1, showing long 
distance regeneration.  Boxed area shown at higher magnification in inset. Bar, 200µm. 
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Figure 3.10 Effect of OPN and rapamycin on survival of RGCs following nerve crush.  
A. Survival of RGCs at 14 dpc and 28 days after injection of IGF-1 and/or AAV-OPN. 
B. Survival of RGCs at 14 dpc and 28 days after injection of BDNF, with or without AAV-OPN. 
C. Survival of RGCs at 14 dpc and 28 days after injection of IGF-1 and AAV-OPN, with or 
without rapamycin.  See Experimental Procedures for detailed protocols and doses. 
*, p<0.05, **p<0.01; ***, p < 0.001.  
!
!
!
!
!
!
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Figure 3.11 Effect of OPN on pS6 levels following axotomy.  
A,B. Whole-mount images (A) show that pS6 level is elevated with AAV-OPN treatment (B) and 
that the elevation is blocked by rapamycin (C). Scale bar = 50µm. ***, p < 0.001.  
!
!
!
!
!
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3.3.6 Osteopontin plus IGF-1 promotes selective regeneration of !RGCs 
We expected that administration of OPN plus IGF-1 to most or all RGCs would promote regeneration in 
multiple RGC types. To test this idea, we introduced AAV-OPN and IGF-1 intravitreally in Kcng4-YFP, 
HB9-GFP, and TYW3 mice to label !RGCs, ooDSGCs and W3-RGCs, respectively.  Surprisingly, using 
protocols and criteria described above, we found that nearly all regenerating axons arose from !RGCs 
(Figure 3.12 A, B). 
The ability to selectively target aRGCs provides an opportunity to ask whether the delivery of OPN 
directly to aRGCs promote regeneration.  To this end, we used an AAV in which expression of OPN was 
Cre-dependent, and limited over-expression to !RGCs by infecting retinas of Kcng4-YFP mice.  !RGC-
specific expression of OPN promoted !RGC regeneration following nerve crush (Figure 3.12 C, D).!
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Figure 3.12 Osteopontin promotes selective regeneration of !RGCs. 
A. Sections of optic nerves of Kcng4-YFP, TYW3, and HB9-GFP mice at 14dpc treated with AAV-
OPN and IGF-1 and injected with CTB at 12dpc.  Right panels show region boxed in top, left panel.   
B. Numbers of regenerating fibers 0.5 mm from lesion site from sections such as those in F.  n = 3-4 
optic nerves per type. *, p<0.05.  
C. Section of optic nerves from Kcng4-YFP mice injected with Cre-dependent AAV-OPN plus IGF-1. 
D. Numbers of regenerating fibers 0.5 mm from lesion sites, measured from sections such as those in 
(C).  P<0.05 (Two-ANOVA with Bonferroni Posttests). 
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3.3.7 Selective IGF1R expression and mTOR signaling in axotomized !RGCs 
The result that AAV-OPN and IGF-1 are insufficient to promote regeneration of other RGC 
subtypes to which they are delivered implies that !RGCs differ from non-a-RGCs in some quality that 
enhances their regenerative responses following injury.  The restriction of shPTEN-induced regeneration 
to !RGCs leads to the same conclusion. The difference could be in the ability of RGC subtypes to 
respond to IGF-1, to up-regulate mTOR signaling, or to respond appropriately to IGF-1- and mTOR-
initiated signals. As a first step in distinguishing these alternatives, we compared levels of the IGF-1 
receptor, IGF1R in !RGCs and non-!RGCs. IGF1R was selectively expressed in !RGCs in both control 
adult retina, and in retinas 3 dpc and 7 dpc , although some expression in non-aRGCs and Müller glial 
cells was observed following axotomy (Figure 3.13 A). TrkB showed a similar expression pattern, 
although the expression was less selective and the neuropil was also intensely stained (Figure 3.14). 
Thus, one factor contributing to selective responsiveness of !RGCs to OPN plus growth factors is 
selective expression of the growth factor receptors.  
We also compared levels of mTOR signaling in axotomized !RGCs and non-!RGCs, using pS6 
as a marker. Levels of pS6 fell dramatically in RGCs following axotomy, as shown previously (Park et 
al., 2008), and introduction of shPTEN or OPN plus IGF-1 restored its levels. These treatments were 9-
fold and 3-fold more effective, respectively in increasing pS6 levels in axotomized !RGCs than in 
neighboring non-!RGCs (Figure 3.13 B, E). Moreover, even though !RGCs comprise only 20% of 
surviving RGCs at 14 dpc, they accounted for ~90% of pS6-rich RGCs following shPTEN treatment and 
~60% of pS6-RGCs following OPN plus IGF-1 treatment.  As in control retina (Fig. 3A), levels of 
pRaptor paralleled those of pS6, !RGCs accounted for >90% of pRaptor-rich RGCs following either 
shPTEN treatment or OPN plus IGF-1 administration (Figure 3.13 C and data not shown). However, the 
levels of pRictor were low, with <5% of total !RGCs being pRictor-positive. The expression level did not 
differ detectably between !RGCs and non-!RGCs, and did not change detectably following shPTEN 
treatment or OPN plus IGF-1 administration(Figure 3.13 D).  (The ability of the pRictor antibody to 
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detect mTORC2 signaling is demonstrated by staining of non-neuronal cells in injured but not intact 
retina) Thus, a second property of !RGCs that can help account for their ability to regenerate is their 
ability to maintain or restore mTORC1 levels following axotomy. 
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Figure 3.13 Selective expression of IGF1R and activation of mTOR signaling in axotomized !RGCs. 
A. IGF1R expression in aRGCs (labeled with OPN) in control retina, 3dpc and 7dpc. 
B-D. Sections from mice injected with control vector, AAV-shPTEN or AAV-OPN plus IGF-1. Optic 
nerves were crushed 14 days later and retinas analyzed 14dpc with anti-pS6 (B), anti-pRaptor (C) or 
anti-pRictor (D). Scale bars are _50µm. 
E. Fraction of !RGC and other RGCs (YFP+ and YFP-, respectively in Kcng4-YFP) that are pS6+, 
from sections such as those in (B).  n=4-6 retinas per treatment.  
F. Model showing pathways by which PTEN knock-down or exogenous OPN expression could 
promote regeneration. a,b,c indicate steps at which differences between !RGC and non-!RGCs 
could affect their regenerative abilities. Results in A-E implicate steps “a” and “b” as critical 
differences. 
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Figure 3.13 Selective expression of IGF1R and activation of mTOR signaling in axotomized !RGCs. 
(continued) 
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!!
Figure 3.14 Expression of TrkB in uninjured adult retina, 3 and 7 days following axotomy.  
TrkB was localized by immunostaining. !RGCs were marked by YFP expression in Kcng4-YFP 
mice. Scale bar = 50µm.  
! !!
!
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3.4 Discussion 
Following damage to the optic nerve, few RGCs survive and even fewer can be coaxed to extend new 
axons (Aguayo et al., 1991; Liu et al., 2011).  Using markers of eleven RGC subtypes, we found that 
limited survival and regeneration does not reflect uniformly low vigor of many subtypes; instead it results 
from selective survival and regeneration of specific subtypes. We then analyzed factors that promote 
regeneration of those RGCs that survive, and identified OPN as a promoter of RGC growth and 
regeneration.  Together, our results provide new insights into both the cellular and molecular bases of 
axon regeneration in the mammalian CNS. 
 
3.4.1 Selective survival and regeneration of !RGCs 
We found dramatic differences among RGC subtypes in their ability to survive axotomy.  Some 
populations, such as ooDSGCs, are almost completely eliminated within two weeks, whereas most 
!RGCs and M1-RGCs survive.  These results are consistent with previous reports that M1 RGCs 
preferentially survive axotomy in rats, and that alpha-like RGCs selectively regenerate in cats  (Perez de 
Sevilla Muller et al., 2014; Robinson and Madison, 2004; Watanabe et al., 1993); (Watanabe and Fukuda, 
2002; Watanabe et al., 1995). Differential susceptibility to injury has also been reported in a mouse model 
of glaucoma, although the subtypes affected were not molecularly identified (Della Santina et al., 2013). 
As a consequence of selective survival, the repertoire of visual features that the retina could potentially 
report to the brain is fundamentally altered (Figure 3.2 D), a change that will need to be taken into 
account if efforts to promote regeneration of RGC survivors succeed.   
Among surviving RGCs, the ability to regenerate is specific to !RGCs, an evolutionarily 
conserved RGC type characterized by large somata, smooth dendrites, high levels of neurofilaments and 
large receptive fields (Berson, 2008; Peichl, 1991). !RGCs comprise ~6% of all RGCs in intact retina and 
~25% of the RGCs that survive axotomy, but give rise to >90% of the axons that extend >0.5mm beyond 
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the site of nerve crush following down-regulation of PTEN. In that !RGCs and non-!RGCs are 
intermingled in the retina, and their axons are intermingled in the optic nerve, it is almost certain that the 
differences in their regenerative abilities reflect intrinsic differences rather than differences in their 
environments. 
One caveat to the conclusion that !RGCs regenerate selectively is that we tested only two 
regeneration-promoting treatments, PTEN knock-down and OPN plus a growth factor. It will be 
important to ask whether other interventions, such as deletion of suppressor of cytokine signaling 3 
(SOCS3) or provoking an inflammatory response (Benowitz and Popovich, 2011; Morgan-Warren et al., 
2013; Park et al., 2008; Smith et al., 2009; Sun et al., 2011; Watkins et al., 2013) can promote 
regeneration of additional RGC subtypes.   
 
3.4.2 Osteopontin as a promoter of axon regeneration 
OPN promotes RGC regeneration when introduced in combination with either IGF-1 or BDNF, neither of 
which promotes significant regeneration on its own.  OPN is a secreted, glycosylated phosphoprotein; it 
was discovered as a component of bone matrix but has since been shown to be synthesized by many cell 
types and to affect multiple cellular processes, including adhesion, proliferation and survival (Kahles et 
al., 2014; Kazanecki et al., 2007; Wang and Denhardt, 2008). It is expressed by subsets of neurons as well 
as several classes of glial cells including Schwann cells, Muller glia and microglia. Levels are affected by 
neural injury in several systems, and OPN is reported to exert both pro- and anti-inflammatory roles that 
can promote neuronal survival and regeneration (Carecchio and Comi, 2011; Chidlow et al., 2008; Del 
Rio et al., 2011; Hashimoto et al., 2007; Misawa et al., 2012; Wright et al., 2014). In most cases, these 
effects have been ascribed to depots in glial cells; for OPN-stimulated regeneration of injured motor 
axons, elegant transplantation experiments have demonstrated that this is the case (Wright et al., 2014). In 
the retina, in contrast, directed delivery reveals that neuron-derived OPN promotes regeneration.   
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OPN may be useful for promoting regeneration for several reasons. First, PTEN is a tumor 
suppressor. Whereas OPN, like PTEN knockdown, acts in part by elevating mTOR, PTEN inhibition also 
activates many additional pathways that likely contribute to its tumor suppressor activity. OPN may 
circumvent this potentially dangerous activity. Second, soluble protein therapeutics are clearly promising 
for treatment of a variety of neural injuries and neurological diseases (Thoenen and Sendtner, 2002). In 
other systems, OPN acts as an extracellular cytokine (Kahles et al., 2014). Therefore, a soluble form of 
OPN, together with a growth factor, might represent a therapeutic method of transiently activating 
regenerative ability in mature neurons.    
 
3.4.3 Growth promoting capabilities of !RGCs 
Regeneration promoted by OPN plus IGF-1 or shPTEN is restricted to !RGCs.  This surprising result 
raises two questions.  First, why are endogenous OPN and mTOR, both of which are enriched in adult 
!RGCs, insufficient to promote their regeneration? Second, why is regeneration restricted to !RGCs even 
when OPN plus IGF-1 or shPTEN is supplied to most RGCs? 
One answer to the first question is that mTOR signaling decreases dramatically following axon 
damage (Park et al., 2008). We hypothesized that OPN might also decrease following axotomy, but 
detected no striking changes in OPN levels by immunohistochemistry or in OPN mRNA levels by RT-
PCR (data not shown). However, our immunohistochemical methods are non-quantitative, and decreases 
in OPN mRNA abundance in RGCs would have been masked by known increases in microglia (Chidlow 
et al., 2008). Moreover, OPN is heterogeneous in several respects: there are several alternatively spliced 
isoforms (at least in humans), many forms of post-translational modification, and an alternative 
translation product that remains intracellular and mediates activities distinct from those of the secreted 
isoform (Gimba and Tilli, 2013; Inoue and Shinohara, 2011; Kazanecki et al., 2007). It remains to be 
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determined which forms promote regeneration and whether the active forms, which may be a small 
fraction of the total, are affected by axotomy. 
In considering the second question, we note that at least two signaling pathways are activated by 
the interventions we have assayed here (Figure 3.13 F).  The first is mTOR signaling, as indicated by the 
sensitivity of PTEN shRNA and OPN-induced regeneration to the mTOR-specific blocker, rapamycin 
(Park et al., 2008) (“a” in Figure 3.13 F). For reasons we do not yet understand, OPN upregulates mTOR 
signaling selectively in !RGCs following axotomy, even though it can upregulate mTOR signaling in 
most RGCs in uninjured retina. 
mTOR signaling alone is insufficient for robust regeneration, however. PTEN regulates several 
pathways other than mTOR (Hill and Wu, 2009; Manning and Cantley, 2007; Morgan-Warren et al., 
2013) and interventions that more selectively up-regulate mTOR signaling, such as deletion of TSC1, are 
significantly less effective in eliciting regeneration than down-regulation of PTEN (Park et al., 2008).  
Likewise, OPN can up-regulate mTOR signaling in the presence or absence of a growth factor, but does 
not induce regeneration unless accompanied by a growth factor. Thus, mTOR-dependent and –
independent pathways must be co-activated for optimal regeneration. We suggest that IGF-1, which does 
not detectably enhance mTOR signaling, activates the mTOR-independent pathway (“b” in Figure 3.13 
F). Selective activation of this pathway in !RGCs is likely based on the selective expression of IGF1R by 
!RGCs. Other salient differences between !RGCs and non-!RGCs may well exist, for example at later 
steps in the signaling pathway (“c” in Figure 3.13 F). Molecular comparison of subtypes refractory and 
susceptible to the effects of injury will be a promising approach for identifying these and other factors 
that promote survival and regeneration. 
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3.5 Methods 
3.5.1 Animals   
OPN mutant mice were produced by inserting CreER into the translation start codon of the spp1 gene 
using lambda phage-mediated recombineering (Chan et al., 2007), followed by homologous 
recombination in embryonic stem cells. Chimeras were produced by the Harvard University Genome 
Modification Facility. High percentage chimeras transmitting the knock-in alleles were bred to animals 
expressing FLP recombinase from the beta-actin promoter (Rodriguez et al., 2000) to remove the PGK-
NEO cassette. Primers used for genotyping OPNCreER are: OPN Common Forward Primer 
(TTGGTGGTGATCTAGTGGTGCCAA), CreER Reverse Primer  
(CATCGACCGGTAATGCAGGCAAAT), OPN wild-type Reverse Primer 
(CAAGGAAATGCGTGTGAGTGTGCT). The primers amplify fragments of 500bp for the knock-in 
allele and 225bp for the wild-type allele. Insertion of CreER led to generation of a null allele (Fig. 4A and 
data not shown). However, we detected very low levels of CreER expression and activity in this line, so it 
was not useful for marking OPN-expressing cells.  
HB9-GFP transgenic mice (Trenholm et al., 2011) were obtained from K. Eggan (Stem Cell and 
Regenerative Biology Department, Harvard) and Thy1-cre transgenic mice (Dewachter et al., 2002) were 
obtained from Jackson Laboratories. Other lines were generated and characterized in our laboratory as 
described previously: Kcng4-Cre (Duan et al.,2014); TWY3-YFP (Kim et al., 2010; Zhang et al., 2012); 
TWY7-YFP (Kim et al., 2010); and Thy1-STOP-YFP (Buffelli et al., 2003). Mice were maintained on a 
C57/BL6 background and experiments were done according to protocols approved by both the Harvard 
University Standing Committee on the Use of Animals in Research and Teaching and IACUC at Boston 
Children's Hospital. 
 
3.5.2 Gene transfer and surgical methods  
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A cDNA encoding OPN was cloned from a mouse retina cDNA library (Kay et al, 2012) and inserted into 
AAV plasmids for ubiquitous or Cre-dependent expression (Cardin et al., 2009). The coding sequence 
corresponds to that in accession number BC020355 (NCBI-Nucleotide). AAV-U6-shPTEN-CMV-
mCherry was modified from a previously characterized vector AAV-U6-shPTEN-CMV-GFP (Zukor et al. 
2013) by changing the fluoresecent protein. The targeting sequence was 
AGGTGAAGATATATTCCTCCAA. AAV serotype 2/2 was produced at Boston Children’s Hospital 
Viral Core. AAV2 was titered to >1x1012 genome copies per ml.  
 Detailed surgical methods were described by Park et al. (2008).  For injection, adult animals 
were anesthetized with ketamine/xylazine (100/10 mg/kg). AAV (~3 µl) was injected intravitreally with a 
fine glass pipette. Optic nerves were crushed with a pair of Dumont #5 forceps (Roboz) 2 weeks after 
injection. IGF-1 or BDNF (1 µl, 1 µg/µL, Peprotech) was injected into the vitreal space of the eye at 0 
dpc and 7 dpc. 1 µl of Alexa-conjugated CTB568 or 647 (Invitrogen) was injected intravitreally 2-3 days 
before euthanasia to label all regenerating axons. Rapamycin (6 mg/kg, LC Laboratories) was delivered 
intraperitoneally every two days from the time of AAV injection. 
 
3.5.3 Histology  
Anesthetized mice were transcardially perfused with 4% paraformaldehyde (PFA). Eyes and optic nerves 
were dissected out and post-fixed in 4% PFA at 4°C overnight. For frozen sections, tissues were 
immersed in 30% sucrose for two days before sectioning in a cryostat (20 µm for retina, 10 µm for optic 
nerve). For some experiment, eyes were fixed in 4% PFA at 4°C by immersion for ~30-60 mins, 
immediately after the mice were sacrificed by a lethal overdose of anesthesia.     
 For immunohistochemistry, sections were incubated in PBS with 3% donkey serum and 0.3% 
Triton X-100 for blocking, followed by primary antibodies overnight at 4° C and secondary antibodies for 
~2 hrs at room temperature. Wholemounts were incubated in PBS with 5% donkey serum and 0.5% 
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Triton X-100 for blocking, followed by primary antibodies for #48 hrs at 4°C and secondary antibodies 
for #16 hrs at 4°C. Finally, sections were washed with PBS and mounted in Vectashield (Vectorlabs). 
Primary antibodies used were: rabbit anti-GFP (1:1000, Millipore), chicken anti-GFP (1:500, 
Abcam); rabbit anti-RFP (1:500, Abcam); rabbit anti-CART (1:2500, Phoenix Peptide); rabbit anti-
melanopsin (1:1000, gift from I. Provencio, University of Virginia); rabbit anti-phosphorylated S6 
Ser235/236 (1:200, Cell Signaling Technology); mouse anti-neurofilament (SMI32, 1:1000, Convance); 
rabbit anti-IGF1R (1:1000, Sigma); goat anti-mouse TrkB (1:500, R&D systems); rabbit anti-
phosphorylated-Raptor (Ser792) (1:200, Cell Signaling Technology), rabbit anti-phosphorylated-Rictor 
(Thr1135) (1:200, Cell Signaling Technology) and goat anti-osteopontin (1:1000, R&D Systems); Nuclei 
were labelled with NeuroTrace Nissl 435/455 (1:1000, Invitrogen). Secondary antibodies were conjugated 
to DyLight 649 (Jackson ImmunoResearch), Alexa Fluor 568 or Alexa Fluor 488  (Invitrogen) and used 
at 1:500. 
3.5.4 Imaging and quantification  
For whole mounts of retinas, at least eight areas (~0.5 x 0.5 mm) across the whole retinas were imaged 
with a standard epi-fluorescence microscope (Nikon) focusing on the retinal ganglion layer. Cells were 
counted and the counts obtained from all areas were averaged to generate a single value for each retina.  
For retina sections, images were taken with a confocal microscope (Olympus FV1000 or Zeiss 
LSM-710) using 440/488–515/568 and 647 lasers with a step size of 0.5$m and a 40X (NA 1.3) lens. 
Images were analyzed using ImageJ (NIH) software. One field from at least eight sections per sample 
were imaged and analyzed. The numbers from all sections were averaged to generate a single value for 
each retina.  
For soma size measurement, Z stacks were projected onto a single plane and the largest area was 
measured with ImageJ. To measure level of immunoreactivity, slides were stained, mounted and imaged 
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in parallel, and the signals were imaged within a linear range. Fluorescent intensity was measured in 
ImageJ to indicate the relative expression level. 
For nerve sections, regenerating axons were identified and counted as described by (Park et al., 
2008). In analyzing YFP+ axons, signals from fluorescent or autofluorescent tissue debris was excluded. 
Only contrast and brightness were adjusted for all images. Caution was taken not to over-saturate 
the images and only brightly-stained cells were counted when positive staining was to be identified. 
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Chapter 4:  Foxp2 defines paramorphic pairs of retinal ganglion cells that 
differ in size, shape, and selectivity to directional motion 
 
Preface: 
 The work presented in this chapter was collaboration between David Rousso, a postdoctoral 
fellow in Josh Sanes lab. David Rousso identified F-RGCs that were labeled by transcriptional factor 
Foxp2, and described morphological properties and distribution of F-RGCs. I recorded from these cells 
and described their physiological properties. The work presented here resulted in a paper, and I involved 
in writing parts of the paper. This paper is close to being submitted. 
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4.1 Abstract 
Visual information is conveyed to the brain by axons of retinal ganglion cells (RGCs). Each of 
#30 RGC types reports on specific visual features, such as directional motion. Identification of these 
types is prerequisite to understanding visual perception and development, but fewer than half of RGCs in 
mouse belong to known types. Here we identify a novel family of RGCs that we call F-RGCs based on 
their shared expression of the transcription factor Foxp2. Combinatorial expression of additional 
transcription factors divides F-RGCs into four types. The four types comprise two paramorphic pairs: 
they are closely related, differing in their depth of dendritic stratification, which correlates with their 
physiological responses. One pair, F-miniON and F-miniOFF, shows robust direction-selectivity. They are 
the smallest and most abundant RGCs identified to date.  The other pair, F-midiON and F-midiOFF, are 
larger and direction non-selective. Together, F-RGCs comprise >20% of RGCs in the mouse retina, 
halving the number of RGCs that remain to be classified and characterized. !!!!!!!!!!!
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4.2 Introduction 
The vertebrate retina contains 5 neuronal classes that transduce light into electrical signals 
(photoreceptors), process the information (bipolar, horizontal and amacrine cells) and pass it to retinal 
ganglion cells (RGCs), which send it to the rest of the brain through the optic nerve (Masland, 2012; 
Sanes and Zipursky, 2010) (Figure 1A). Each class is divided into multiple types, enabling the complex 
computations that result in different RGCs being tuned to distinct visual features such as contrast, color, 
or motion in a specific direction (Sanes and Masland, 2015).  A full accounting of the types of RGCs and 
their functional properties is therefore prerequisite to understanding how the visual system works. Initial 
classification schemes for RGCs were based on their morphological and physiological properties (Badea 
and Nathans, 2004; Coombs et al., 2007; Kong et al., 2005; Sun et al., 2002; Völgyi et al., 2009), leading 
to identification of ~20 RGC types. Recently these methods have been supplemented by molecular and 
genetic approaches in mice (Badea and Nathans, 2011; Dhande and Huberman, 2014; Huberman et al., 
2008; Kim et al., 2008; Tien et al., 2015), increasing the estimated number of RGC types to >30. 
Nonetheless, the total number is unclear and nearly half of all RGCs in mice remain unknown or 
unclassified (Sanes and Masland, 2015).  
To identify novel RGC types we analyzed combinatorial expression of transcription factors (TFs), 
a strategy that has been useful for defining cell types in other parts of the CNS (Catela et al., 2015; 
Lodato and Arlotta, 2015). We screened retinas for expression of >40 TFs and found that the 
forkhead/winged-helix domain protein Foxp2 was expressed by 20-25% of RGCs, few if any of which 
corresponded to previously known types. Combinatorial co-expression of additional TFs (Foxp1 and the 
Pou4f factors, Brn3a-c) divided F-RGCs into four discrete types that differ in size, dendritic lamination, 
and physiological responsiveness. They comprise a pair of small, direction-selective (DS) RGCs, F-
miniON and F-miniOFF, and a pair of larger, direction non-selective RGCs, F-midiON and F-midiOFF.  
Together, F-RGCs comprise >20% of RGCs in the mouse retina, halving the number of RGCs that remain 
to be classified and characterized.  
 Our molecular, morphological and physiological analyses revealed several noteworthy features of 
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F-RGCs. First, F-mini and F-midi RGCs each comprise a paramorphic pair, defined as “neuronal cell 
types differing from one another mainly at the level of dendritic stratification but otherwise more similar 
to one another than to other types” (Berson, 2008). Paramorphism is a common feature of RGCs in many 
species, but has been little studied in mice; the F-RGCs provide new insights into its basis.  Second, the 
F-mini RGCs are direction-selective. The computation of directional motion by retinal neurons is a topic 
of intense current interest, with most studies focusing on just one population: ON-OFF direction selective 
RGCs (ooDSGCs), which “inherit” direction selectivity from starburst amacrine cells (Borst and 
Helmstaedter, 2015; Vaney et al., 2012). The F-mini RGCs do not co-stratify with starburst amacrine 
processes; they are therefore unlikely to receive substantial input from them, and must compute direction 
by another mechanism. Finally, F-mini RGCs are the smallest and most numerous RGC types yet 
identified in mouse.  In these and many other (but not all) respects, they resemble midget RGCs, a 
paramorphic pair comprising the smallest and most abundant RGCs in primates (Dacey and Packer, 2003; 
Szmajda et al., 2005). To date, no midget equivalent has been identified in rodent retina. Motivated by 
this parallel, we analyzed macaque retina, and identified RGC subsets that express combinations of Foxp 
and Brn3 transcription factors. One population shares the unusual distribution reported for midget RGCs 
(Watanabe and Rodieck, 1989).  !!!!!! !!!
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Figure 4.1 Foxp2 expression distinguishes F-RGCs from currently known types 
(A) Model showing the major neuronal classes in the retina.  
(B, C) Antibody costaining analysis for Foxp2 combined with molecular markers for RGCs, Brn3a 
and RBPMS (B), and amacrine cells, Pax6 and Ap2 (C), in the adult mouse retina. Arrows point to 
the same cells in each panel.  
(D) Immunostaining for Foxp2 combined with a cocktail of 3 antibodies specific to individual Brn3-
transcription factors (a, b, c; “pan-Brn3”) shows the total RGC population and the proportion 
expressing Foxp2.  
(E) Contribution of Foxp2 RGCs and other molecularly defined RGC types to the total RGC 
population. Estimates for other RGC types based on Sanes and Masland (2015).  
(F) Analysis of Foxp2 RGCs combined with markers for the following RGC types: Osteopontin, 
alpha-RGCs (left); Melanopsin, ip-RGCs (middle); and Cart, ooDSGC (right). 
(G) Foxp2 and Brn3a coexpression at different stages of retinal neurogenesis. All images are taken 
from the central/ventral region of the retina. Scale bar = 100 um. !!!!!!!!!!
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Figure 4.1 Foxp2 expression distinguishes F-RGCs from currently known types (continued) 
!!!!!!
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4.3 Results 
4.3.1 Foxp2 is expressed by a group of RGCs distinct from currently known types 
To identify RGC types we assembled a panel of antibodies to ~40 TFs that have been used to 
classify neurons throughout the CNS (Table 4.1) and analyzed their expression in adult mouse retina. 
Antibodies that showed significant and selective labeling (between ~10 and ~40%) of RGCs were studied 
further. Here, we focus first on Foxp2, which, as documented below, labels ~20% of RGCs. Foxp proteins 
have been shown to define different classes of neurons in the spinal cord (Dasen et al., 2008; Rousso et 
al., 2008, 2012) but their expression in retina has not been examined. 
Over 90% of Foxp2+ cells were localized to the ganglion cell layer (GCL). This layer contains 
both RGCs and amacrine cells. Foxp2+ cells expressed RBPMS, which marks most if not all RGCs, but 
expressed little if any Pax6 or Ap2, which mark most amacrine cells (Figure 4.1 B, C; Bisgrove and 
Godbout, 1999; de Melo et al., 2003; Rodriguez et al., 2014). Thus >90% of Foxp2+ retinal cells are 
RGCs; hereafter, we refer to them as F-RGCs.  
We estimated the fraction of RGCs that are F-RGCs by double-labeling with pan-RGC markers.  
The distribution of F-RGCs varied across the retina (see below), with a peak density of 840 ± 50 
cells/mm2 in the central/ventral region, accounting for 23 ± 2% of all RGCs in this region, or 26 ± 2% 
based on previous estimates of RGC density (mean ± SE) (Figure 4.1 D, E; Jeon et al., 1998).  
We used double-staining with markers for known RGC types to characterize F-RGCs. 
Remarkably, despite their abundance, F-RGCs were distinct from previously characterized types for 
which we had markers, including alpha-RGCs, ip-RGCs, ooDSGCs, J-RGCs, and W3B-RGCs (Figure 1F 
and data not shown; (Duan et al., 2015; Hattar et al., 2002; Kay et al., 2011; Kim et al., 2008, 2010; Sanes 
and Masland, 2015). These results raised the possibility that Foxp2 is expressed by previously 
undescribed RGC types. 
Our initial screen was performed on adult retinas. We surveyed the expression of Foxp2 at 
different stages of retinal neurogenesis and observed its expression selectively within a subset of RGCs 
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by embryonic [e] day 15.5, the earliest time examined (Figure 4.1 G). Thus FoxP2 may be useful for 
analyzing the development of F-RGCs.  
 
Table 4.1 Transcriptional factors screened for retinal labeling 
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4.3.2 Combinatorial expression of transcription factors defines four F-RGC types 
We next asked whether F-RGCs include one, a few, or a multitude of RGC types. To this end, we 
exploited the “mosaic” arrangement that is a characteristic of most retinal neuron types analyzed to date: 
neurons of a single type are less likely to be near neighbors than would be expected by chance alone 
whereas neurons of any individual type are randomly distributed with respect to neurons of other types 
(Figure 4.2 A, B; Kay et al., 2012; Reese, 2012; Rockhill et al., 2000).  Thus, analysis of spatial 
distribution using the density recovery profile (DRP) provides a means of assessing whether a set of 
labeled neurons comprises a natural cell type (Rodieck, 1991). Moreover, the distribution of a mixture of 
types is distinguishable from that of a single type, allowing for the estimation of the fraction (f) of an 
array that constitutes a seemingly homogeneous population (f < 1, partial array; f > 1, mixed arrays) 
(Figure 2B; Zhang et al., 2012). Non-integral numbers may indicate the existence of multiple types that 
differ in abundance. Following this logic, we analyzed the spatial distribution of F-RGCs and found that 
they deviated significantly from that of a random distribution, with f = 2.2 (Figure 4.2 C, D), suggesting 
they comprise at least 2 regularly arranged types.  
We reexamined TFs from the initial screen to seek combinatorial expression patterns that would 
subdivide F-RGC into discrete types. A related protein, Foxp1, divided F-RGCs into 2 groups whose 
spatial distributions more closely resembled single arrays, yet appeared to contain more than one type 
each (f >1) (Figure 4.2 E, F).  Pou4f/Brn3 proteins further subdivided each of these 2 groups into one 
abundant and one sparse type (abundant, Foxp1+Foxp2+Brn3b-; sparse, Foxp1+Foxp2+Brn3b+; abundant, 
Foxp1- Foxp2+Brn3c-; and sparse, Foxp1- Foxp2+Brn3c+) (Figure 4.2 G-J). The density relationship 
between the abundant and sparse types for each group was ~1/4. DRP and nearest-neighbor spatial 
analysis confirmed that each type exhibited a region of exclusion surrounding cell bodies of the same type 
(A ! A), but not to members of another type (A ! B) (Figure 4.2 H, J, Figure 4.3). Moreover, the 
exclusion distance of each group was matched by predicted hexagonal arrays of similar side length (f " 1, 
each).  Thus, Foxp1 and Brn3 proteins divide F-RGCs into 4 molecularly distinct RGC types.  
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We simultaneously labeled the 4 types and tabulated their contribution to the total Foxp2 
population (Figure 4.2 K, L). Cumulatively they accounted for >90% of all Foxp2+ cells. Most of the 
remaining Foxp2+ cells had smaller somata, did not label with Brn3 proteins, and expressed lower levels 
of Foxp2; we presume they are amacrine cells.  Thus, F-RGCs are likely to comprise 4 and only 4 types 
(Figure 4.2 M, N).   
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Figure 4.2 Combinatorial expression of transcription factors divide F-RGCs into 4 types 
(A) Retinal mosaics can be modeled as close-packed hexagonal arrays with positional jitter. 
Asterisks represent single arrays (red or green) of the same side-length, as defined by (Zhang et al., 
2012; A). 
(B) DRP on a single array (A!A) produces a characteristic slope that scales with side-length (black 
dotted line). DRP on a mixture of 2 arrays (A+B!A+B) produces a slope mid-way between a 
random distribution and a single array (grey dotted line), allowing for the estimation of the fraction 
f of an array labeled (f<1, partial array; f>1, mixture of arrays). A random distribution is 
represented by the gray dashed line. 
(C, D) Immunolabeling of Foxp2 in adult mouse retina (C). DRP of total Foxp2 RGCs is 
reminiscent to that of a mixed array comprising at least 2 types (f=2.2; D).  
(E, F) Foxp1 divides Foxp2 RGCs into 2 groups, OFF and ON (E). DRP on the following RGC 
populations: Foxp1+ (OFF) F-RGCs (orange line); Foxp1+ (ON) F-RGCs (red line); mixture of 2 
arrays (gray dashed line); and a single array of similar side length (dashed black line).  
(G, H) Brn3b divides OFF-F-RGCs into 2 types, one abundant (Mini, asterisks) and one sparse 
(Midi, circles). The two OFF-F-RGC types are identified by the following TF combinations: 
Foxp1+/Foxp2+/Brn3b-, F-miniOFF; Foxp1+/Foxp2+/Brn3b+, F-midiOFF. DRP of F-miniOFF (orange line) 
and F-midiOFF (peach line) RGCs resemble matched single arrays of similar side-lengths (dashed 
lines), indicating they each form a single array (f"1 each; H).  
(I, J) Brn3c divides ON-F-RGCs into two types, one abundant (Mini, asterisks) and one sparse 
(Midi, circles). The 2 ON-F-RGC types are identified by the following TF combinations: Foxp1-
/Foxp2+/Brn3c-, F-miniON; Foxp1-/Foxp2+/Brn3c+, F-midiOFF. DRP of F-miniON (red line) and F-
midiON (pink line) F-RGCs resemble matched single arrays of similar side-lengths (dashed lines), 
indicating they each form a single array (f"1 each; J).   
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Figure 4.2 Combinatorial expression of transcription factors divide F-RGCs into 4 types 
(continued) 
 (K, L) Quadruple immunolabeling with Foxp1, Foxp2, Brn3b, and Brn3c marks the 4 F-RGC 
types simultaneously. Asterisks represent the relative position and identity of molecularly defined 
F-RGC types (L). 
(M) Contribution of each F-RGC type to the total Foxp2 population.  
(N) Dendogram showing the 4 molecularly defined F-RGC types and their combinatorial TFs. 
n = 3 retinas from 3 animals per type. Scale bar = 50 um. 
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Figure 4.2 Combinatorial expression of transcription factors divide F-RGCs into 4 types 
(continued) 
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Figure 4.3 Analysis of spatial organization within and between F-RGC types. 
(A, B) Color-coded asterisks indicate the relative position and identity of F-RGC types as 
defined by the following combinatorial markers: Foxp2+/Foxp1-/Brn3b+/Brn3c-, F-miniON 
(red); and Foxp2+/Foxp1-/Brn3b+/Brn3c+, F-midiON (magenta) (A); Foxp2+/Foxp1+/Brn3b-
/Brn3c- , F- miniOFF (yellow) and  Foxp2+/Foxp1+/Brn3b+/Brn3c-, F-midiOFF(cyan) (B). 
Nearest neighbor 
analysis shows that cells within each type are spaced at regular intervals from one another, 
forming mosaics. 
(C, D) Analysis of spatial relationship between F-RGC types using cross-population DRP. Cells 
of one type are spaced randomly with respect to cells of another type, indicating that each type 
forms an independent mosaic. 
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4.3.3 Correspondence of morphological and molecular distinctions among F-RGCs 
To gain genetic access to F-RGCs, we generated animals in which Cre recombinase was inserted 
at the Foxp2 locus (Foxp2-Cre; Figure 4.4 A). When these mice were crossed to reporter lines in which 
strong expression of a fluorescent protein was Cre-dependent, labeling was widespread, perhaps reflecting 
broad expression of Foxp2 at low levels during early development.  In contrast, when we used an adeno-
associated virus (AAV) to deliver a Cre-dependent GFP cassette (AAV2/9flex-GFP) to mature retina, Foxp2 
cells were selectively labeled, as judged by co-expression of GFP and Foxp2 (Figure 4.4 B). We used 
AAV marking to characterize F-RGCs morphologically. 
Each of the 4 molecularly identified F-RGC types exhibited a stereotyped morphology (Figure 
4.4 C-F). Dendrites of two types stratified in the outer portion of the IPL (S1 of 5 strata) indicating they 
were likely to be OFF cells, a presumption confirmed below.  Dendrites of the other two types stratified 
in the middle portion of the IPL (S3), suggesting that they were ON or ON-OFF cells.  In each pair, 
dendritic arbors of one were considerably larger than the other.  These characteristics led us to name the 
cell types F-miniOFF (FoxP1+/Brn3b-), F-midiOFF (FoxP1+/Brn3b+), F-miniON (FoxP1-/Brn3c-) and F-midiON 
(FoxP1-/Brn3c+).  As predicted from their molecular profile, the F-mini types were ~4-fold more abundant 
than the F-midi types. The F-midi RGCs stratified slightly below or above their F-mini counterparts, 
respectively (Figure 4.4 G). 
The F-mini RGCs were exceptionally small, having dendritic radii of ~40-60 µm and field areas 
of ~5-8,000 um2, making them nearly half the size of W3B-RGCs, the smallest RGCs previously 
described (Figure 3H) (Kim et al., 2010; Krishnaswamy et al., 2015; Zhang et al., 2012). F-midi RGCs 
covered larger dendritic territories than F-mini cells, but are smaller than several other RGC types, 
including ooDSGCs, J-RGCs and alpha-RGCs (Figure 4.4 H).  
Remarkably, all 4 F-RGC types exhibited dendritic asymmetry oriented on the vertical axis 
(Figure 4.4 I).This asymmetry resembled that of previously described J-RGCs and HB9-RGCs (Kim et 
al., 2008; Trenholm et al., 2011). Indeed, the OFF-F-RGCs share dendritic asymmetry and lamination 
patterns nearly identical with J-RGCs, differing mainly in their relative sizes (Figure 4.5).  
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A hallmark of most RGC types characterized to date is that their dendrites cover the retinal 
surface at least once, allowing them to report on a visual feature over the entire visual field. Thus, the 
coverage factor for RGC types, defined as the product of dendritic field area and 1/density (spatial 
frequency) is # 1. For F-mini RGCs, the coverage factor is ~1X. F-midi RGCs have a four-fold lower 
density but also a four-fold larger dendritic area, so their coverage factor is also ~1X (Figure 4.4 K). 
These results support the idea that all four F-RGC groups comprise authentic RGC types. 
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Figure 4.4 Morphological characterization of Foxp2 RGCs 
(A) Schematic of the Foxp2-ires-Cre:GFP (Foxp2Cre) allele. 
(B) Immunostaining for Foxp2, Foxp1 and GFP in adult Foxp2Cre retinas following intravitreal 
injection of high-titer AAV2/9flexGFP. F-RGCs from both groups (OFF and ON) are labeled with 
similar frequency. 
(C-F) Injection of low-titer AAV2/9flexGFP into Foxp2-Cre mice reveals 4 morphologically distinct 
types that correspond with their molecular identities: MiniOFF-F (C); MidiOFF-F (D); MiniON-F (E); 
MidiON-F (F). Scale bar = 50 um. 
(G) Dendritic stratification depth of individually segmented OFF (G) and ON (H) F-RGC types (n = 
5 cells per type). 
(H) Box plot of dendritic field areas for indicated RGC types (n=7-10 cells per type).  
(I) Analysis of AI calculated for indicated RGC types (0 = perfect symmetry; 1 = perfect 
asymmetry; n=7-10 cells per type).  
 (J) Quantification of dendritic coverage factor. Comparison to other RGC types were derived from 
Kim et al., 2008, 2010. 
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Figure 4.4 Morphological characterization of Foxp2 RGCs (continued) 
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Figure 4.5 Morphological comparison of F-RGCs and J-RGCs labeled in 
Cdh4CreER mice. 
(A) J- and F-RGCs are labeled in Cdh4CreER mice, allowing for their direct morphological 
comparison. J- and OFF-F-RGCs exhibit asymmetric dendrites oriented toward the ventral pole, 
differing mainly in their dendritic field sizes. 
(B, C) Quantification of dendritic lamination patterns of J- and OFF-F-RGCs. Each type stratifies 
at roughly the same depth within the inner plexiform layer, ~S1. 
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4.3.4 Molecular profiling of F-RGCs 
To further characterize F-RGCs molecularly, we performed triple-immunostaining on retinal 
whole mounts and sections. Molecules identified included ion channels and channel-associated proteins 
(Kv4.2 and calsenilin), calcium binding proteins (calbindin, calretinin, parvalbumin [PV]), G protein 
phosphatase Ppp1r17, and additional TFs from our initial screen (Table 4.2 and Figure 4.6 A-D). All F-
RGCs express NeuN and Isl2. Within F-RGCs, Isl1 and PV were selectively expressed only by the OFF 
types. Ppp1r17 was expressed only by the F-miniON type, and Satb1/2, Ctip2, and Ebf3 were expressed 
only by the F-midiON type. These results extend the distinctions among F-RGCs. 
In parallel we stained several previously characterized transgenic lines with markers for F-RGCs. 
For Cre-expressing lines, we used a Cre-dependent reporter, Thy1-stop-YFP (Buffelli et al., 2003). Few if 
any F-RGCs were labeled in lines Cdh3GFP (marks a set of ip-RGCs; Osterhout et al., 2011); Hb9GFP or 
Cdh6CreER (mark sets of ooDSGCs;  Kay et al., 2011; Trenholm et al., 2011), JamBCreER (marks J-RGCs; 
Kim et al., 2008), or Thywy7 (marks a set of alpha-RGCs; Kim et al., 2010), consistent with the finding 
that F-RGCs do not correspond to previously characterized types. OFF-F RGCs were labeled in the PVCre 
line, consistent with results from immunostaining. Interestingly, all F-RGCs were labeled in a Cdh4CreER 
line and the F-mini types were labeled in a Cdh13CreER line (Figure 4.6 E-G) providing insight into 
recognition molecules that might influence synaptic choices of these cells.   
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Table 4.2 Molecular characterization of F-RGCs 
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Figure 4.6 Molecular profile of F-RGCs. !
(A-D) Immunostaining for Foxp1, Foxp2, and different markers in adult mouse retina. Among 
candidates screened, four proteins were found to be differentially expressed within the four F- 
RGC types: Kv4.2 is expressed by F-miniON and F-miniOFF RGCs (A), parvalbumin is 
expressed by F-miniOFF and F-midiOFF RGCs (B), Ppp1r17 is uniquely expressed by F-miniON 
RGCs (C) and Ebf3 uniquely marks F-midiON  RGCs (D). 
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Figure 4.6 Molecular profile of F-RGCs. (continued) 
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4.3.5 F-RGCs vary in density, size, and orientation along the dorsal-ventral axis 
Until recently, the topographic distribution and size of RGC types in mouse was thought to be 
fairly uniform across the retina. However, recent studies have revealed anisotropies in some types 
(Bleckert et al., 2014; Zhang et al., 2012). The density of F-RGCs is graded along the vertical axis: 
highest in the central/ventral (C/V) region and lowest in the dorsal (D) region (Figure 4.7 A). We asked 
whether this feature is shared by all F-RGC types. Both of the F-mini RGCs were distributed in a ventral-
high / dorsal-low gradient, resembling that of F-RGCs in total (Figure 4.7 B, C). F-midiOFF RGCs were 
distributed in a steeper gradient; very few cells of this type are found in the dorsal third of the retina 
(Figure 4.7 D). In contrast, F-midiON RGCs were >2-fold more numerous in dorsal retina than in ventral 
retina (Figure 4.7 E).  
We asked whether non-uniformity in distribution influenced dendritic field coverage and mosaic 
organization of F-RGCs. F-miniOFF, F-miniON and F-midiOFF RGCs, which are denser in ventral than dorsal 
retina were also smaller in ventral than dorsal retina. Conversely, F-midiON RGCs, which are denser in 
dorsal than ventral retina were smaller in dorsal than ventral (Figure 4.7 F-I). Thus, dendritic field areas 
are scaled with local density, resulting in uniform coverage.  Moreover, while fluctuations in density 
along the DV-axis altered the spacing between cells, it did not disrupt their overall mosaic architecture 
(Figure 4.7 F-I; Mean regularity index = 3.44 ± 1.08; Regularity/random ratio = 1.78 ± 0.18). Thus, F-
RGC size, density, and soma distance co-vary proportionately along the DV-axis, maintaining in ~1X 
coverage globally across the retina despite large local variances.  
Finally, we assessed the asymmetry of F-RGC dendrites as a function of retinal position. 
Dendrites of F-miniOFF, F-midiON , and F-midiON RGCs pointed ventrally at all positions in the retina. In 
striking contrast, the orientation of F-miniON RGC dendrites was position-dependent, pointing ventrally in 
dorsal retina and dorsally in ventral retina (Figure 4.7 J,K, and Figure 4.8). Further analysis revealed 
that the dendritic orientation of F-miniON RGCs switched sharply along a horizontal swath ~ 1 mm above 
the optic disc, around the same location that the density of total F-RGCs markedly drops (Figure 4.8). 
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This landmark corresponds to a region called the opsin transition zone, in which expression of opsins in 
cones switch from predominantly short (S) wavelength to middle (M) wavelength opsin. This 
correspondence may provide clues to the spatial patterning of F-RGCs (see Discussion).  
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Figure 4.7 Foxp2 RGCs are organized anisotropically along the DV-axis of the retina. 
(A) Foxp2 immunostaining of whole retina viewed en-face. Heat map (inset) highlights the sharp 
decline of total Foxp2 RGCs in the dorsal [D] compared to the central/ventral [C/V] regions of the 
retina. 
(B-E) Contoured density heat maps for each F-RGC type.  
(F-I) Analysis of morphological and spatial patterning. Scatter plots of dendritic field area versus 
local density, and or area versus CF. Density and area co-vary while CF stays relatively constant. 
DRP at different axial positions shows that mosaic spacing is globally maintained for each F-RGC 
type despite local changes in density.  
(J) GFP-labeled miniON-F RGCs located at different axial positions. Cells exhibit bimodal 
morphologies depending on their position. 
(G) Retinal map showing position and dendritic orientation of miniON (red) and miniOFF (purple) F-
RGCs. The dendritic orientation of miniON RGCs located in the ventral retina are inverted with 
respect to miniON RGCs located in the dorsal retina. In contrast, MiniOFF RGCs maintain ventral 
orientation independent of retinal position. 
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Figure 4.7 Foxp2 RGCs are organized anisotropically along the DV-axis of the retina. (continued) 
 
 
!126 
 
Figure 4.7 Foxp2 RGCs are organized anisotropically along the DV-axis of the retina. (continued) 
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Figure 4.7 Foxp2 RGCs are organized anisotropically along the DV-axis of the retina. (continued) 
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Figure 4.8 Dendritic orientation of F-RGCs at different retinal positions. 
(A, B) AAV-labeled F-mini RGCs showing dendritic orientations in opposite directions: F-miniOFF, 
ventrally; F-miniON, dorsally. Higher power view of the boxed region shows neighboring F- 
miniOFF and F-miniON RGCs as identified based on Foxp1 and Foxp2 coexpression and dendritic 
stratification depth. 
(C) AAV-labeled F-mini RGCs showing dendritic orientations in the same direction, toward the 
ventral pole. 
(D) F-miniON RGCs exhibit bimodal morphologies depending on their location relative to the 
opsin transition zone (OTZ), as demarcated either by opsin staining (left panel) or by the decline in 
total Foxp2 density in this region (right panel). Asterisk and caret indicate the approximate location 
of cells shown in B and C. 
(E) Polar plots of dendritic field orientations for F-miniON  (top) and F-miniOFF (bottom) RGCs 
located at different DV-positions (Dorsal, dashed lines; central/ventral, solid lines). 
(F) F-RGC morphologies from different positions of the retina. 
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Figure 4.8 Dendritic orientation of F-RGCs at different retinal positions. (continued) 
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4.3.6 F-RGCs project to image-forming brain targets 
RGCs project to 20-40 retinorecipient areas in the brain, with distinct RGC types differing in 
projection patterns (Dhande et al., 2015). To identify central targets of F-RGCs we analyzed brains 
following intravitreal injection of AAV2/9flex-GFP into Foxp2Cre mice. Fluorophore-conjugated cholera toxin 
B (CTB) was co-injected to label all RGC axons, allowing us to compare, for each target, the density of 
innervation by F-RGC axons with the overall density of RGC innervation from contralateral and 
ipsilateral retinas (Figure 4.9 A). F-RGC axons terminated in the dorsal lateral geniculate nucleus and 
superior colliculus, which are sites in which information about spatial features are processed. Within the 
dLGN, F-RGC axons terminated selectively within the lateral shell (Figure 4.9 B, C). Within the 
colliculus, F-RGC axons stratified broadly within layers 2 and 3 (upper and lower stratum griseum 
superficiale [SGS]; (Figure 4.9 D, E). In both the thalamus and SC, termination fields of F-RGCs are 
similar to those reported for J-RGCs and ooDSGCs (Huberman et al., 2009; Kay et al., 2011; Kim et al., 
2008). In contrast F-RGC axons bypassed suprachiasmatic nucleus, to which non-image-forming ip-
RGCs project, as well as accessory optic nuclei such as the medial terminal nucleus and olivary pretectal 
nucleus (Figure 4.9 F-I), to which non-image-forming ON-DSGCs project.  These innervation patterns 
are consistent with the idea that F-RGCs are not critical for light reflexive behaviors or circadian 
functions but instead participate in the generation of visual perception (Figure 4.9 J).  
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Figure 4.9 F-RGC axons selectively innervate image-forming visual targets in the brain. 
(A-I) Analysis of F-RGC central projections following intravitreal injection of AAV2/9flexGFP and 
fluorophore-conjugated cholera toxin b (CTB) in adult Foxp2Cre mice. Sections are from the 
following brain regions: dorsal and ventral lateral geniculate nuclei of the thalamus, vLGN, dLGN 
(B,C); stratum griseum superficiale of the superior colliculus, SGS (D, E); suprachiasmatic nucleus, 
SCN (F,G); medial terminal nucleus, MTN, and preoptic area, POA (H, I). Brackets demark 
regions enriched with terminating GFP+ fibers. 
(J) Schematic summary of F-RGC central projections.   
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Figure 4.9 F-RGC axons selectively innervate image-forming visual targets in the brain. (continued) 
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4.3.7 Visual responses of F-RGCs 
We labeled F-RGCs in FoxP2Cre mice and targeted them for recording with patch pipettes. We 
then stimulated them with light and dark spots of varying size, and moving bars of various speeds and 
direction. Following recording, targeted cells were marked by dye injection through the pipette and the 
retina was fixed. Cell type was then assessed by morphologic or immunohistochemical criteria. 
Consistent with their relative densities, F-midi cells were encountered ~1/3 as frequently as F-mini cells.  
We predicted that there would be two differences among F-RGC types based on their 
morphological properties. First, RGCs with dendrites that stratify in S1 generally fire when the level of 
illumination diminishes (OFF response), while RGCs with dendrites in S3 fire either when the level of 
illumination increases or at both light onset and offset (ON or ON-OFF responses). As expected, F-
miniOFF and F-midiOFF RGCs were pure OFF cells.  In contrast, F-miniON and F-midiON RGCs were pure 
ON cells. Responses were transient for three of the four F-RGC types, and sustained only for F-midiOFF 
RGCs (Figure 4.10 A-D).  
Second, because the radius of an RGC’s receptive field center is generally determined by the 
radius of its dendritic arbor, we expected that F-mini RGCs would have smaller fields than F-midi RGCs.  
This prediction was also fulfilled: as measured by peak response to light or dark spots of varying sizes. 
The radius of the receptive field centers were ~60 µm and ~80 µm for F-mini and F-midi RGCs, 
respectively (Figure 4.10 E-H, M).  
We also examined direction-selectivity using bars moving in each of 8 directions.  Examples are 
shown in Figure 4.10 I-L and summarized in Figure 4.10 N.  Both F-mini cell types were direction-
selective, with their preferred direction corresponding to the direction in which their dendrites pointed.  
Thus, all F-miniOFF RGCs preferred ventral motion, whereas for F-miniON RGCs, the preferred direction 
depended on retinal position: cells in dorsal retina preferred ventral and cells in ventral retina preferred 
dorsal motion.  We tested DS responses over a range of slow to high speeds, and found that F-mini cells 
were strongly tuned to bars moving at ~0.5-0.6 mm/s (Figure 4.10 O). This range of speed selectivity is 
faster than slow-tuned ON-DSGCs (~0.25 mm/s) (Yonehara et al., 2009), but slower than broadly-tuned 
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ooDSGCs. We wondered whether the light responses of F-mini RGCs influenced their selectivity to 
directional motion. Indeed, we found that F-miniON RGCs fired rapidly at the leading edge of the moving 
stimulus, whereas F-miniOFF RGCs responded only at the trailing edge of motion (Figure 4.11). Thus, F-
miniON and F-miniOFF RGCs report ON and OFF components of directional motion, respectively. 
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Figure 4.10 Visual response properties of F-RGCs 
(A-D) Representative responses to a spot flashing on (white) and off (grey) over the receptive field 
center for each cell. Raster plot of spikes from x cells over x repeats. Histograms (right panels) 
show frequency of spikes over time.  
(E-H) Responses to flashing spots of different radii. The number of spikes are plotted during the 
optimal response period (ON or OFF) for each type, normalized to the maximum response. 
(I-L) Responses to moving bars across the receptive field center in different directions. Polar plots 
represent the number of spikes fired for bars moving in each of the eight directions. Direction 
selectivity index (DSI) is indicated in boxes above each plot. Only F-mini show directional tuning 
(DSI>0.25); F-midi cells are direction non-selective (DSI "  0). 
(M) Quantification of receptive field size by the optimal spot radius. Comparison to other RGC 
types are drawn from Kim et al., 2010. 
(N) Speed tuning curves for F-mini RGCs. Comparison with ON-DSGCs is drawn from Yonehara 
et al., 2009. 
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Figure 4.10 Visual response properties of F-RGCs (continued) 
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Figure 4.11 Responses of F-miniON and F-miniOFF cells to moving bars  
(A, B) Responses of F-minion and F-minioff cells to bright moving bars from 8 directions in 2 
repeats. Yellow shadow indicates when the bars sweep over the receptive fields of the two 
cells, and the leading edge and trailing edge of the bars are labeled by arrows. F-miniON cells 
respond to the leading edge (A) and F-miniOFF cells respond to the trailing edge (B). 
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Figure 4.11 Responses of F-miniON and F-miniOFF cells to moving bars (continued) 
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4.3.8 Foxp2 RGCs in primate retina 
Finally, we asked whether combinatorial expression of Foxp and Brn3 transcription factors marks subsets 
of RGCs in primates as it does in mice. We first stained sections of adult macaque retina with antibodies 
to Foxp1, Foxp2, Brn3a, Brn3b, and Brn3c. All five proteins were expressed by subsets of cells located in 
the ganglion cell layer (Figure 4.12 A, B). All of these cells were RGCs as assessed by co-expression of 
RBPMS and the glutamate transporter vGlut2, which distinguish RGCs from inhibitory interneurons also 
located in the GCL (Figure 4.13 A).  
Because the Foxp-positive subsets were sparse, we used retinal whole mounts to assay co-
expression with each other and with Brn3 proteins. In a region approximately 1-2 mm from the fovea, 
~2% of RGCs were Foxp1-/Foxp2+, ~0.5% were Foxp1+/Foxp2- and ~0.25% were Foxp1+/Foxp2+ (C and 
Figure 4.13 B). These three groups differed in which Brn3 genes they expressed (Figure 4.12 D) Thus, 
combinatorial co-expression of Foxp and Brn3 proteins defines multiple RGC types in primates. 
The total Foxp2-positive subset does not form mosaic spatial patterning (f > 1), indicating that is 
likely to comprise multiple RGC types.  However, the Foxp1+/Foxp2+/Brn3+ triple-positive RGCs do 
exhibit a regular mosaic distribution (Figure 4.12 E and Figure 4.13 C), indicating they are a single RGC 
type in primate retina, as in mice.  
We imaged larger regions of retina to assess the distribution of the FoxP2+ RGCs.  The total 
density of RGCs (Brn3a-positive cells) changed little over the first 4mm from the fovea, consistent with 
previous report (Watanabe and Rodieck, 1989).  However, the fraction of all RGCs that were Foxp2-
positive declined ~3-fold over that distance (Figure 4.12 and Figure 4.13 D). This pattern is similar to 
that reported for midget RGCs (see Discussion).  
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Figure 4.12 Foxp and Brn3 proteins distinguish RGC types in primate retina  
(A, B) Antibody co-staining analysis of Brn3a, Brn3b, Brn3c, Foxp1, and Foxp2 proteins in adult 
macaque retina. Each antibody marks a population of RGCs localized to the ganglion cell layer (A). 
Double-staining for Foxp and Brn3 shows their co-localization within subsets (B). 
(C) Whole mount retinas stained for Foxp1, Foxp2, and Brn3b. Foxp1 and Foxp2 combinatorially 
distinguish 3 RGC subsets (Foxp1+/Foxp2-, Foxp1+/Foxp2+, and Foxp2+/Foxp1-). Brn3b is 
coexpressed by the Foxp1+/Foxp2+ group (asterisks indicate triple-positive cells). 
(D) Table summarizing RGC subsets marked by Foxp and Brn3 proteins. 
(E) DRP analysis of total Foxp2 RGCs suggests that they are a mixture of RGC types (f>1). DRP of 
the Foxp1+Foxp2+Brn3b+ subset reveals their non-random mosaic organization, indicating they 
are a single RGC type. 
(F) Density map of Foxp2 RGCs, showing their enrichment around the fovea.  
(G) Quantification of total Brna+ RGCs and the fraction that are Foxp2+ at different 
distances from the fovea. Foxp2 RGC density drops by more than half while overall RGC density 
remains stable. 
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Figure 4.12 Foxp and Brn3 proteins distinguish RGC types in primate retina (continued) 
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Figure 4.13 Characterization of Foxp2 RGCs in primate retina. 
(A) Antibody costaining of Foxp2 and vGlut2 in adult macaque retina. Extensive colocalization 
indicates that Foxp2-positive cells are RGCs. 
(B) Whole mount retina viewed en-face stained with Foxp and Brn3 antibodies. Different Foxp2 
subsets are distinguishable based on combinatorial expression patterns (arrows).  
(C) Nearest- neighbor analysis of the Foxp1+Foxp2+Brn3b subset reveals their spatial regularity 
typical of single retinal neuron types. 
(D) View of fovea and parafovea regions reveal a density gradient of Foxp2 around the fovea 
(highest near the fovea). 
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4.4 Discussion 
We have described F-RGCs, a set of 4 RGC types in mouse that have not, to our knowledge, been 
defined or described previously. Their main features are summarized in Figure 4.14. At least five 
properties of these cells are noteworthy, and enrich our understanding of retinal structure and function: 
they form symmetrical pairs, they display striking anisotropies in abundance and size across the receptive 
field, and two of the types are remarkably abundant, direction-selective, and small. Here, we briefly 
discuss these features. 
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Figure 4.14 Summary of molecular, morphological, and functional properties of F-RGCs. 
(A) Proposed scheme for classifying F-RGCs.  
(B) Four F-RGC types can be identified by their combinatorial expression of Foxp and Brn3 TFs. 
(C) Each member has distinct morphologies and anisotropic organization. The location of cells on 
the DV axis correlates with changes in density, dendritic orientation, and directional tuning. 
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4.4.1 F-RGCs are abundant 
Less than half of all mouse RGCs have been categorized to date, and we have genetic access to 
only a fraction of those (Sanes and Masland, 2015). The F-RGCs account for ~25% of all RGCs in 
central/ventral retina, thereby decreasing by half the number of RGCs that remain to be characterized and 
more than doubling the number to which we have genetic access.   
 The abundance of the F-mini RGCs is ~4-fold greater than that of the F-midi types, with F-miniON 
and F-miniOFF RGCs each comprising about 8% of all RGCs (16% combined). Thus, they are among the 
most numerous RGC types in the mouse retina.  For comparison, individual alpha- and four ON-OFF 
DSGC types account for 3-4% of RGCs (Krieger et al., in preparation; Kay et al., 2011).  The W3B 
RGCs, which we described previously (Zhang et al., 2012), and the F-mini RGCs reach a similar density 
of ~350 cells/mm2 in central ventral retina, together accounting for over a third of all RGCs in this region. 
 Given this abundance, it is natural to wonder why these cells have apparently escaped detection in 
a tissue as intensively studied as mouse retina. Several surveys of have been published in which large 
numbers of individual mouse RGCs were labeled in seemingly unbiased ways and characterized 
morphologically (Badea and Nathans, 2004; Coombs et al., 2007; Kong et al., 2005; Sümbül et al., 2014; 
Sun et al., 2002; Völgyi et al., 2009). It is possible the “Cluster 4” cells described by Kong and “cell o” 
described by Badea 2011 correspond to the F-midiON and F-midiOFF cells, respectively, but without 
molecular correspondence such assignments are speculative. With respect to the F-mini cells, their small 
size might have led to their being underrepresented in some surveys.  In addition, in some cases, the F-
miniON and F-miniOFF RGCs appear to have been misidentified as J-RGCs and W3B-RGCs, respectively 
(Farrow et al., 2013), owing to their similar lamination pattern and, for the F-miniOFF RGCs, ventral 
asymmetry.  
 
4.4.2 F-mini RGCs are small 
We previously characterized an RGC type called W3B, which serve as object motion sensors, 
specialized to respond when the timing of a small object's movement differs from that of the background 
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(Kim et al., 2010; Krishnaswamy et al., 2015; Zhang et al., 2012). We concluded that W3B cells play a 
prominent role in high-acuity vision and second that these small cells are feature detectors rather than 
pixel detectors – that is, passive reporters of position and luminance. Our new results replace F-miniOFF 
and F-miniON RGCs as the smallest RGCs, with a dendritic field area nearly half that of W3B-RGCs.  On 
the other hand, our results provide further support for the idea that small RGCs need not be pixel 
detectors – the F-mini RGCs respond selectively to motion in a particular direction.  
 
4.4.3 F-mini RGCs are direction-selective 
Computation of directional motion is a topic of great current interest. To date, most studies of 
direction-selectivity in mouse retina has centered on four types of ooDSGCs, which are similar in 
structure and physiological properties, but differ in preferred direction (ventral, dorsal, nasal and 
temporal; Borst and Helmstaedter, 2015; Vaney et al., 2012). Likewise, recent studies have asked whether 
direction-selective units in higher image-forming centers, such as superior colliculus, dorsal lateral 
geniculate nucleus and visual cortex inherit their selectivity from the ooDSGCs or compute it de novo 
(Cruz-Martín et al., 2014; Marshel et al., 2012).  Sparse populations of ON-DSGCs have also been 
studied in detail, however they project to accessory areas but not to image-forming areas. The F-miniON 
RGCs are thus the first ON-DSGCs known to project to image-forming areas.  To date, only a single 
population of OFF-DSGC, the J-RGC, has been described (Kim et al., 2008, 2010); the F-miniOFF RGCs 
are at least twice as abundant and thus will need to be taken into account as well.  Importantly, ooDSGCs 
and J-RGCs appear to compute direction-selectivity by different mechanisms, with dendritic asymmetry 
being essential for the latter but not (even when it is present) for the former.  It remains to be determined 
how F-mini RGCs, which do have markedly asymmetrical arbors, compute direction. 
The two F-mini types add two new members to the class of direction-selective types; the total 
number is now 10 (4 ooDSGCs, 3 ON-DSGCs, J-RGCs, and 2 F-mini-RGCs).  Perhaps more important, 
the abundance of the F-mini these cells nearly doubles the fraction of DS cells among all RGCs, and may 
account for the bias for vertical motion selectivity observed within the superior colliculus in some studies 
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(Dräger and Hubel, 1975; Inayat et al., 2015). Their direction-selectivity might therefore help explain a 
discrepancy between the large fraction of direction-selective neurons in visual centers of the mouse brain 
and the modest number of previously identified DS-RGCs.  
 
4.4.4 F-RGCs comprise paramorphic pairs 
The four F-RGC types can be viewed as forming pairs in either of two senses: both ON and OFF 
groups comprise mini-midi pairs, and both mini and midi groups comprise ON-OFF pairs. Of these we 
view the ON-OFF pairs as more compelling for two reasons.  First, the two F-mini RGC types are similar 
to each other in many respects including size, dendritic asymmetry, abundance and physiological 
properties, differing primarily in level of dendritic stratification.  The same is true for the two F-midi 
RGC types.  
Second, this division corresponds to an organizational principle that has been noted in retinas of 
higher mammals: that a set of channels has been duplicated to generate ON and OFF representations of 
each feature detector. This phenomenon, termed paramorphism, is prominent in the primate rabbit and cat 
retina (Berson, 2008; Famiglietti, 2004, 2005; Famiglietti and Kolb, 1976).  In the mouse, it is evident in 
the paired starburst amacrine cells but has not previously been documented in detail for RGCs. The 
phenomenon of paramorphism leads to the idea that a small alteration in developmental program could 
lead to a duplication and diversification of types.  We speculate that Foxp1, which is present in both OFF 
F-RGC types but neither ON F-RGC types could serve as part of such a program.  In mouse, methods are 
available to test this idea.  
 
4.4.5 F-RGCs are anisotropic in size and distribution 
In many vertebrates, visual information is not sampled uniformly across the visual field. Rather, 
RGC densities increase and their dendritic field sizes decrease within anatomically distinct regions, such 
as the area centralis in cats or the fovea in primates. Because dendritic field area correlates strongly with 
receptive field area and thus spatial resolution, such areas are associated with high-acuity vision. The 
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distribution of RGCs in mice has been thought to be relatively uniform across the retina, suggesting 
uniform spatial sampling (Huberman and Niell, 2011). However recent findings suggest that some RGC 
types differ in their distribution (Zhang et al., 2012; Bleckert), raising the possibility that mice may also 
have anatomical regions dedicated to high spatial sampling. We show that all F-RGCs exhibit non-
uniform spatial topographies. Although they exhibit striking variance in abundance and size, particularly 
along the dorsal-ventral axis, these properties co-vary proportionately (they are smaller as their density 
increases). Of note, the high density and smaller size of F-mini RGCs within the ventral retina implies 
enhanced spatial sampling from the upper visual field, which may explain their preference for motion on 
the vertical (dorso-ventral) axis, as opposed to horizontal (nasal-temporal) motion.  
 
4.4.6 Are F-mini-RGCs related to midget RGCs? 
A challenge for visual neuroscience –indeed neuroscience generally– is to extend the cell type 
classification enterprise from model organisms such as mice to primates.  We asked here whether the 
patterns of Foxp and Brn3 isoform expression that defined F-RGCs in mice also labeled discrete subsets 
of cells in macaque retina.  Indeed, we identified Foxp1-/Foxp2+, Foxp1+/Foxp2- and Foxp1+/Foxp2+ 
groups of RGCs, each of which co-expresses one or more Brn3 proteins.  Although these groups remain 
to be characterized, their existence encourages the view that classification schemes derived from and 
validated in mice will be useful for understanding primate retina.  
Most interesting is a potential parallel between mouse F-RGCs and arguably the best studied 
RGC group in primates, the midget RGCs, which are thought to function in acuity vision. F-mini-RGCs 
in mice and midget RGCs in primates are the smallest and most abundant types in their respective species, 
both have highly-branched and tufted dendrites, both are asymmetric (vertically-oriented for minis, fovea-
oriented for midgets), and both form “paramorphic” ON-OFF pairs.   
Could primate Foxp2+ RGCs be midgets? A precise correspondence is unlikely for at least two 
reasons. First, primate midget RGCs have so far not been reported to be direction-selective, even in 
peripheral retina, where there receptive fields are sufficiently large to support such a computation (Dacey 
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and Packer, 2003).  Second, Foxp2+ RGCs comprise only ~2% of RGCs in primate parafoveal retina, 
whereas midget RGCs comprise ~90% of all RGCs in this region.  On the other hand, the distribution of 
Foxp2+ RGCs is remarkably similar to that of midget RGCs:  highest near the fovea and declining in 
abundance (fractional representation) with distance.  Another abundant class, parasol RGCs, as well as 
rare classes of which we are aware, all appear to increase in fractional representation with distance from 
the fovea (Watanabe and Rodieck, 1989).  Thus, an intriguing hypothesis that we are currently testing is 
that midget RGCs are heterogeneous and that Foxp2+ RGCs represent one midget subtype.  
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4.5 Experimental Procedures 
4.5.1 Preparation of genetically labeled animals 
Cdh4CreER and Cdh13CreER mice were generated by targeted insertion of CreER followed by a poly-
adenylation signal at the translational start site of the Cdh4 and 13 coding sequences, respectively, using 
standard methods. Cdh4CreER and Cdh13CreER mice were crossed with reporter mice containing a lox-STOP-
lox-YFP cassette. Tamoxifen (2 mg to 8 mg, Sigma) was injected intraperitoneally into double transgenic 
mice at adult or early post-natal ages to induce desired density of labeled cells. Foxp2Cre mice were 
generated by targeted insertion of a Cre:GFP fusion sequence downstream of an interneral ribosomal 
entry sequence following the translational stop codon in exon 19 of the Foxp2 gene. AAV-delivery of a 
flex-GFP cassette was used to label cells at desired densities. 
 
4.5.2 Histology  
Animals were euthanized by intraperitoneal injection of Euthasol (25 µL/10g; Virbac; Fort 
Worth, TX) and perfused with room-temperature phosphate buffered saline (PBS) followed by chilled 4% 
paraformaldehyde (PFA) in PBS. Eyes were removed and post-fixed in 4% PFA at 4°C for 1 hour and 
retinal tissue was isolated. Retinas were prepared for whole mount or cryosection analysis as described 
previously (Kim et al., 2010). Sections were incubated in blocking buffer (1% horse serum, 0.05% azide, 
and 0.1% Triton X-100) at room temperature, then incubated in blocking buffer with primary antibodies 
at 4°C overnight, then with secondary antibodies for >1 hour at room temperature. For whole mounted 
retinas, primary antibodies were incubated in blocking buffer at 4°C for five days and secondary 
antibodies at 4°C overnight. Tissue was then flat-mounted on membrane filters, and cover-slipped with 
Prolong Gold anti-fade reagent (Invitrogen). Brains were post-fixed in 4% PFA at 4°C overnight, 
immersed successively in 15% sucrose/PBS and 30% sucrose/PBS 4°C overnight, mounted in TFM, 
frozen, and sectioned (100-200 µm). Thick brain sections were stained and optically cleared using 
iDISCO reagent #1 (Renier et al., 2014).  
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4.5.3 AAV-labeling and anterograde tract tracing  
Mice were anesthetized by intraperitoneal injection of ketamine/xylazine. A small hole was made 
in the eye and 1-2 µl of vitreous was removed to relieve intraocular pressure. AAV containing a flex-GFP 
cassette (University of Pennsylvania) was then injected at varying dilutions to achieve desired density of 
labeled cells. Cholera toxin B subunit conjugated to Alexa Fluor 555 or 647 (1–2 µl of 1 mg/ml, 
Invitrogen) was coinjected into the same eye or opposite eye, respectively. After surgery, anesthesia was 
reversed by intraperitoneal delivery of antisedan, and the mice were observed for healthy recovery. Mice 
were sacrificed for analysis between 2-4 weeks after injection. Procedures were approved by the animal 
care and use program at Harvard University. 
 
4.5.4 Image analysis and quantification of RGCs 
Images of immunofluorescent retina and brain were acquired on Olympus FV1000 MPE or Zeiss 
LSM 710 confocal microscopes. Images were processed using Zeiss ZEN or Olympus Fluoview software 
suites and analyzed using Fiji (NIH) or custom software written in Matlab (Simulink). Spatial distribution 
of RGCs was analyzed using WinDRP software (Euler, 2003). An estimate of the fraction (f) of a mosaic 
labeled was computed as the density of the observed population (dobv) divided by the density of nodes 
comprising a computer-generated equilateral triangular lattice (dhex) of the same side length, s defined by 
Zhang et al., 2012. For morphological analysis, isolated GFP+ RGCs were segmented from whole mount 
retinas using Fiji’s Simple Neurite Tracer. To quantify the depth of RGC dendritic stratification, traced 
cells were rotated on the x-axis and the depth of dendritic stratification was normalized between 0 and 
100% (0%, INL; 100%, GCL). Pixel intensities at each depth were normalized between 0 and 100% (0, 
absence of signal; 100% brightest signal) to control for variability in brightness across labeled cells. 
Dendritic field area was calculated as the convex hull formed by distal points of the dendritic arbors.  
Coverage factor was computed as dendritic field area " density (spatial frequency). Dendritic AI was 
determined by first summing vectors representing each dendrite (to compute preferred direction), then 
summing the lengths of all the dendrites on the preferred side, subtracting the sum of the lengths on the 
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null side, and dividing by the lengths of all the dendrites on both sides (Trenholm et al., 2011). Regularity 
of mosaic spacing was computed as the mean nearest neighbor distance divided by the SD. 
 
4.5.5 Electrophysiology 
Electrophysiological analysis was performed as described previously (Kay et al., 2011; Kim et 
al., 2008). Briefly, mice were dark-adapted for >2 hours and retinas were dissected in oxygenated (95% 
O2; 5% CO2) Ringer’s solution. Relaxing cuts were made and the retina was placed in a recording 
chamber with ganglion cells facing upward and the ventral-quadrant of the retina marked for orientation. 
AAV-labeled cells were then targeted under brief fluorescent illumination for cell-attached recording 
using microelectrodes. Light stimuli were presented by a video projector through a custom-made lens 
located just below the stage. Receptive field centers were determined with small flashing spots, then 
direction selectivity was analyzed by presenting moving bars through the receptive field center in eight 
different directions at varying speeds.  
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Chapter 5: Classification of W3D retinal ganglion cells 
 
Preface: 
 This work presented in this chapter is my ongoing work to classify a group of retinal ganglion 
cells labeled dimly in W3 mouse line. I recorded from individual cells followed by dye filling. The 
preliminary result here indicates that there are at least five different subtypes of RGCs labeled. I will 
further analyze their characteristics in detail and seek molecular markers for each subtype as the future 
direction. 
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3.1 Abstract 
The retina conveys visual information to the brain through retinal ganglion cells (RGCs). There 
are >20 different subtypes of RGCs, each of which carries different information. Thus, it is important to 
characterize these RGC subtypes in order to understand how our brain processes visual information. Until 
recently, transgenic or Cre knock-in animals with specific subtypes of RGCs labeled by fluorescent 
proteins allowed us to specifically study subtypes of RGCs. Here, we study RGCs labeled in a transgenic 
mouse line called ‘W3’. W3 RGCs can be divided into two populations based on their fluorescent 
intensities. Previous study revealed that W3 bright (W3B) cells are local motion detectors (Krishnaswamy 
et al., 2015; Zhang et al., 2012). Here, we specifically focus on the other population of W3 cells, whose 
fluorescent intensity is dim (W3D). Targeted recording followed by dye injection allowed us to 
understand their physiological and morphological properties, and classify them based on these 
characteristics. We found that W3D cells are comprised of at least five subtypes: On and Off orientation 
selective RGCs, W3B like RGCs and two subtype of direction selective RGCs with small receptive fields. 
Initial screens showed that nearly all W3D cells express molecular marker Kv4.2, and subsets of W3D 
cells express parvalbumin (PV) and Foxp2. We are now in the process of further analyzing their 
properties and seeking molecular markers to label each subtype of W3D RGCs. 
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3.2 Introduction 
A part list is essential for understanding neural circuits, because different types of neurons receive 
different inputs, target to different regions, and have distinct functions (Greig et al., 2013; Molyneaux et 
al., 2007). Thus, it is important to identify neuronal cell types and describe their properties. This is still a 
daunting task to the whole brain because of its complexity and neuronal diversity. However, efforts have 
been made to classify different subtypes of neurons in the retina given its simple structure and regular 
organization. 
The retina is made of 5 major types of neurons: Photoreceptors transduce light signals into 
electrical signals. These electrical signals are further processed by horizontal cells, bipolar cells and 
amacrine cells, and then passed to retinal ganglion cells (RGCs). RGCs are the sole output neurons of the 
retina, which integrate visual information from bipolar cells and amacrine cells and then send information 
to the other parts of the brain (Masland, 2012; Zipursky and Sanes, 2010). Each of these 5 types of retinal 
neurons can be subdivided into multiple subtypes, and they form specific synaptic connections with each 
other. As a consequence, different subtypes of RGCs form parallel channels that are sensitive to different 
features of the visual fields (Gollisch and Meister, 2010). Thus, it is important to classify different 
subtypes of RGCs in order to understand how visual information is processed and sent to the rest of the 
brain.  
Previously studies characterizing RGCs by their morphologies or physiologies suggest ~20 
subtypes of RGCs (Badea and Nathans, 2004; Coombs et al., 2006; Kong et al., 2005; Sun et al., 2002; 
Volgyi et al., 2009). Until recently, transgenic or Cre knock-in animals in which subsets of RGCs were 
labeled enabled us to selectively study or manipulate subtypes of RGCs, which supplements previous 
approaches and indicates >20 subtypes of RGCs (Badea and Nathans, 2011; Kim et al., 2008). Here, we 
exploited a mouse line called ‘W3’, in which subsets of RGCs are labeled by GFP. W3 RGCs can be 
separated into two groups based on different levels of GFP expression. One population has higher level of 
GFP expression, thus are brighter under the fluorescent microscope (W3B). These cells were studied 
!160 
 
previously and they are sensitive to local motion (Krishnaswamy et al., 2015; Zhang et al., 2012). The 
other population has lower level of GFP expression, whose fluorescence is dimmer (W3D). 
In this study, we specifically targeted W3D cells for recording followed by dye injection and 
morphological reconstruction. Our preliminary results showed that W3D RGCs are comprised of at least 
five subtypes of RGCs. Two of them form On and Off orientation detectors, namely On and Off cells that 
preferentially respond to stimuli in certain orientations. One of them appears similar to W3B cells in 
morphology but is not sensitive to local motion. The last two are small field On and Off RGCs that are 
direction selective. On of them appears to be F-minion RGCs. We are currently further analyze their 
characteristics and seek molecular markers to label them. Initial screens showed that nearly all W3D cells 
express molecular marker Kv4.2, and subsets of W3D cells express parvalbumin (PV) and Foxp2.   
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3.3 Methods and Results 
3.3.1 W3 RGCs include both W3B and W3D cells 
W3 mice were generated in which GFP expression is driven by the regulatory elements of Thy1 
gene (Kim et al., 2010). In the retina, only a small proportion of the RGCs were labeled by GFP, possibly 
due to the effect of the regulatory element near the transgene insertion site (Feng et al., 2000). Density 
recovery profile analysis showed that the whole population of W3 RGCs doesn’t form a single mosaic, 
indicating mixed populations of RGCs (Figure 5.1 A, C). In fact, two populations of W3 RGCs can be 
distinguished from each other based on their different levels of GFP expression: One population is 
brightly labeled and called W3 bright (W3B) RGCs. W3B RGCs form a regular mosaic in the retina with 
the exclusive radius of ~30 um and density of ~250 cells/um2 (Figure 5.1 A, D). These cells were 
reported previously as local motion detectors (Zhang et al., 2012). The other population has lower level of 
GFP expression, thus dimly labeled. However, these W3 dim (W3D) RGCs cover the retina with density 
of 350 cells/um2 and don’t form a regular mosaic (Figure 5.1 A, E). This indicates that W3D cells are 
comprised of multiple subtypes of RGCs. 
Vertical sections of W3 retinas showed that W3 RGCs including W3B and W3D cells stratified 
heavily between the two choline acetyl transferase (ChAT) bands in inner plexiform layer (IPL) (Figure 
5.1 B, sublamina 3), and sprout sparsely beyond the outer ChAT-positive band (Figure 5.1 B, sublamina 
1), where they form specific synapses with amacrine cells and bipolar cells, suggesting that W3 RGCs are 
likely to include both On or On-Off and Off cells. 
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Figure 5.1 W3 RGCs include W3B and W3D RGCs 
A. Whole mount of the W3 retina, in which W3B and W3D cells can be easily separated by 
their fluorescent intensity. Scale bar: 10um. 
B. Vertical sections of W3 retina. Purple: ChAT-positive bands. Green: GFP. Scale bar: 20um. 
C. Density recovery analysis of All the W3 cells. 
D. Density recovery analysis of W3B cells 
E. Density recovery analysis of W3D cells  
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3.3.2 Physiological analysis of W3D RGCs 
In order to characterize W3D RGCs, we guided patch electrodes to target W3D RGCs recognized 
by their fluorescence under a brief flash of blue LED, and recorded from them while showing a variety of 
stimuli. We first presented a bright spot flashing On and Off on a black background. The spot was 
centered to the cell body of the recorded cell, and we could tell whether the cell was On cell, Off cell or 
On-Off cells based on their responses to the light onset and offset. We next presented the same small spot 
to the center of the cell body, but with the spot radius increasing gradually. We measured and plotted the 
firing rates of the recorded cell to the onset and offset of the spot. When the spot radius increased, the 
responses increased first and then decreased. The size (optimal radius) of the spot that could induce the 
maximal firing rate was used to define the receptive field center of the recorded cell. Finally, we 
presented light bars moving in eight directions through the receptive field center of the recorded cells. 
This stimulus was used to tell whether the recorded cells respond strongly to certain directions or not. 
Using the set of the stimuli described as above, we found five different subtypes of W3D RGCs. 
The first two responded transiently when the light was on and off, respectively, thus were On-transient 
and Off-transient cells (Figure 5.2 A,A’,D,D’). Both of them had medium sized receptive field centers, 
with optimal radius around 100um (Figure 5.2 B, E). Interestingly, both these two subtypes of W3D 
RGCs responded strongly to motions in two opposite directions but not to motions orthogonal to those 
two directions, thus had preference to a certain orientation (Figure 5.2 C, F). We called these two 
subtypes of W3D RGCs On- and Off- orientation selective RGCs. The next subtype we found had 
transient responses when light was Off (Figure 5.2 G, G’). The receptive field center of this subtype was 
smaller than On- and Off- orientation selective RGCs, with optimal radius less than 100um (Figure 5.2 
H), and this subtype of RGCs appeared not to be direction selective (Figure 5.2 I). The last two subtypes 
of W3D RGCs were transient On- and Off- RGCs (Figure 5.2 J,J’,M,M’). These two subtypes of RGCs 
had strikingly small receptive field centers, with optimal radius around 60um (Figure 5.2 K, N). These 
two subtypes of W3D RGCs responded strongly to moving bars in certain directions, thus were direction 
selective RGCs (Figure 5.2 L, O).  
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Figure 5.2 Physiological properties of W3D RGCs 
A, D, G, J, M. Visual responses of 5 subtypes of W3D RGCs to On- and Off- flashing spots. 
A’, D’, G’, J’, M’. Histograms of firing rates to flashing spot stimuli. 
B, E, H, K, N. Visual responses of 5 subtypes of W3D RGCs to flashing spots of increasing radii.  
C, F, I, L, O. Visual responses of 5 subtypes of W3D RGCs to moving bars across the receptive field 
center in different directions. 
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3.3.3 Morphological analysis of W3D RGCs 
We dye-filled cells after recording to reconstruct their morphologies. These five subtypes of W3D 
RGCs appeared to have different morphologies. The On- and Off- orientation selective RGCs extended 
their dendrites to lower and higher sublamina 3 respectively, consistent with their physiological 
responses. Both On- and Off- orientation selective RGCs had medium-sized dendritic fields, whose radii 
were about 100um (Figure 5.3 A, B). The third Off-transient W3D RGCs appeared similar to W3B 
RGCs, as described previously (Zhang et al., 2012). They had dendrites extended to sublamina 3, and 
dendritic radii of these cells were less than 100um (Figure 5.3 C). Dendrites of the last two subtypes of 
W3D RGCs, the On- and Off- direction selective RGCs, were extremely small. The dendritic radii were 
about 50um. The On cells laminated at sublamina 3, while the Off cells also extended their dendrites to 
sublamina 1, consistent with their physiological responses (Figure 5.3 D, E). The On- direction selective 
cells appeared to be F-minion RGCs as we described previously in Chapter 4. 
Morphological similarity of the third subtype of W3D RGCs to W3B RGCs made us wonder 
whether they are local-motion sensitive. We thus performed local motion stimuli to these RGCs and 
recorded their responses (Figure 5.4 A). These cells showed consistent Off responses to flashing spots, 
but rarely responded during local motion stimuli (Figure 5.4 B, C), indicating that they were not local 
motion detector as W3B RGCs. Thus, we called these cells W3B like (W3BL) cells, just because of their 
morphological similarity to W3B cells. 
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Figure 5.3 Morphological properties of W3D RGCs 
Whole mount views and vertical reconstructions of the five subtypes of W3D RGCs: On- (A) and 
Off- (B) orientation selective RGCs; One subtype that looks similar to W3B RGCs (C); On- (D) and 
Off- (E) direction selective RGCs with small asymmetric dendrites, which appeared to be On- and 
Off- F-mini RGCs. Scale bar: 20um. 
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Figure 5.4 W3BL RGCs are not local motion sensitive 
A. Local motion stimulus used in this study. For global motion, object images (Obj) moves in 
the same way as the background images (Bg). For differential motion, Obj moves while Bg 
doesn’t move. 
B. W3BL cells respond well to On- and Off- flashes but not to local motion stimulus. 
C. Spikes plotted from B. Global and Differential motion were indicated in gray and white 
period. 
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3.3.4 Summary of W3 RGCs 
Characterization based on morphological and physiological properties of W3D RGCs revealed at 
least five different subtypes of RGCs. Taking account of W3B RGCs, W3 RGC population includes at 
least six subtypes of RGCs. W3B RGCs take up 40% of the W3 RGCs. They have distinct properties 
from others: they are small-sized RGCs responding to light onset and offset, and they are sensitive to 
local motion. W3D RGCs take up the other 60%, and they include five subtypes of RGCs as described 
above, although the frequency of each subtype is different: W3BL appeared to be the most among W3D 
RGCs, and 22.5% of W3 RGCs are W3BL. Each of On- and Off- orientation selective RGCs, and F-
minion RGCs takes up 11.25% of W3 RGCs. The Off direction selective RGCs with small dendritic fields 
appear to be the least frequent, and they occupy 2.5% of W3 RGCs. Given the small frequency of this 
subtype, we will not further explore their characteristics. All the W3 RGCs are summarized in Table 5.1. 
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Table 5.1 Summary of W3 RGCs and their properties 
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3.3.5 Initial screen for molecular markers 
We next seek molecular markers that could label W3D RGCs or subtypes of W3D RGCs. We 
first examined Kv4.2, a potassium channel modulator, because Kv4.2 was previously reported to be 
expressed in RGCs laminating in sublamina 3 and sublamina 1(Qu et al., 2009). We stained the W3D 
retina with antibody against Kv4.2 and found nearly all the W3D RGCs were Kv4.2 positive, while nearly 
none of W3B cells expressed Kv4.2, indicating that Kv4.2 is a molecular marker for all the W3D RGCs 
(Figure 5.5). Second, we examined PV, a calcium buffer protein which was reported to be expressed by 
subsets of RGCs, because On-, Off- orientation selective W3D RGCs and W3BL RGCs appeared similar 
to PV-positive subtype 2, 4 and 3 RGCs (Farrow et al., 2013). We found ~65% of W3D RGCs were PV-
positive, while none of W3B RGCs were PV-positive (Figure 5.6). At last, given F-minion cells were 
among W3D RGCs, we stained the W3 retina with antibody against Foxp2, a transcription factor 
expressed in F-minion cells, and found ~35% of W3D RGCs were Foxp2 positive (Figure 5.7 A, B). 
These cells formed a regular mosaic, indicating that they were likely from the single subtype of F-minion 
cells (Figure 5.7 C). 
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Figure 5.5 W3D RGCs are Kv4.2 positive 
A. W3 retina stained with antibodies against GFP and Kv4.2 
B. Percentage of W3B RGCs that are Kv4.2 positive 
C. Percentage of W3D RGCs that are Kv4.2 positive 
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Figure 5.6 Subsets of W3D RGCs are PV positive 
A. W3 retina stained with antibodies against GFP and PV 
B. Percentage of W3B RGCs that are PV positive 
C. Percentage of W3D RGCs that are PV positive 
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Figure 5.7 Subsets of W3D RGCs are Foxp2 positive 
A. W3 retina stained with antibodies against GFP and Foxp2 
B. Percentage of W3B RGCs that are Foxp2 positive 
C. Percentage of W3D RGCs that are Foxp2 positive 
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3.4 Discussion 
In this chapter, I presented my initial efforts to classify W3D RGCs. Using cell-attached 
recordings followed by dye injection, I provided evidence for five subtypes of RGCs in W3D cells. 
Further characterization of these cells is ongoing, and we are also looking for specific molecular markers 
to these W3D subtypes.  
 
3.4.1 Multiple RGC subtypes labeled in W3D RGCs 
The recent effort of using transgenic or Cre knock-in animals to label RGCs enabled us to classify 
subtypes from a group of RGCs. For example, Opn4-CreER allowed Berson, Hattar and others to find 5 
subtypes of intrinsic photosensitive RGCs (ipRGCs), which express photo-pigment melanopsin (Ecker et 
al., 2010). In previous chapters, I also reported work using Kcng4-Cre line to find 4 subtypes of alpha 
RGCs, and using Foxp2-Cre line to find 4 subtypes of F-RGCs. 
Here I described work in classifying W3D RGCs, which are dimly labeled by GFP in W3 lines. 
We found five different subtypes of RGCs. These five different subtypes of RGCs have distinct 
physiological properties and different dendritic field shapes. Thus, it would be very helpful to find 
molecular markers for each subtype so that we could study them specifically. Jeremy Kay, a former 
postdoc fellow from our lab profiled gene expression in W3 RGCs using microarray assay after 
fluorescence-activated cell sorting (FACS) (Kay et al., 2012). However, this method required starting 
materials from many cells, thus many W3 RGCs were pooled together and the result reflected gene 
express level at the population level, from which we could not resolve molecules expressed in subtypes of 
RGCs within the population. 
The emerging technique of single cell RNA-sequencing to profile gene expressions at single cell 
level provides us a way to potentially solve this problem. By detecting gene expression of each W3 cell, 
and then grouping cells in clusters by their expression profiles, we could specifically test whether cells 
within one cluster correspond to one subtype of W3 RGCs. 
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3.4.2 W3 RGCs all laminate at sublamina 3 
One striking feature of W3 RGCs including both W3B RGCs and W3D RGCs was that all these 
cells have dendritic laminations at sublamina 3. This is particularly interesting given that there are at least 
five different subtypes of W3D RGCs plus one subtype of W3B RGCs. Although all of these cells are 
marked by GFP expression from the transgene in W3, they are largely different in their physiological 
properties and dendritic shapes. Thus, one may wonder why they share the same lamination. 
One possible answer to this question is that there could be some cell surface molecules expressed 
by all the W3 RGCs, which guide and anchor the dendrites to sublamina 3 by interacting with other 
molecules there. But how to find these guidance molecules? 
One way depends on gene profiling. These molecules must be expressed by W3 RGCs but not 
expressed by subtypes of RGCs that don’t laminate at sublamina 3. Thus, if we can get gene profile of 
W3 RGCs by microarray or RNA-sequencing, and compared it with gene profiles of other RGC subtypes, 
we may able to find candidates of the guidance molecules. 
The other intriguing thought comes from the shared expression of GFP by W3 RGCs. The 
transgene containing GFP at the downstream of the regulatory elements of Thy1 gene was inserted 
randomly in the mouse genome (Kim et al., 2010). A series of transgenic animals were generated, with 
different GFP expression patterns, possibly due to the effect of the regulatory element near the transgene 
insertion site. W3 animals were selected because of its constrained GFP expression in a small subset of 
RGCs. Thus, the shared expression of GFP in W3 RGCs possibly indicates that W3 RGCs are all affected 
by the shared regulatory element near the transgene. We guess that the expression of the guidance 
molecules may also be affected by this shared regulatory element. If we know where the insertion site is, 
we can know what regulatory elements are near the transgene and further pursue what genes are also 
regulated by this regulatory element, among which we can possibly find the guidance molecules we are 
interested in. 
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3.4.3 Orientation selective RGCs in W3D retina 
 Computation of orientation is an interesting topic. So far, most studies of orientation selectivity 
were reported in higher visual regions, such as lateral geniculate nucleus, superior colliculus and visual 
cortex (Feinberg and Meister, 2015; Hubel and Wiesel, 1959; Scholl et al., 2013), or in the retina of other 
mammals (Amthor et al., 1989; Bloomfield, 1994; Levick, 1967). In these species, On- and Off- centered 
orientation selective RGCs were reported to respond to light or dark bars with certain orientations. 
However, it was still not clear whether in mouse retina, there are orientation selective RGCs. 
 Here, the initial results from W3D RGCs revealed orientation selective RGCs in mouse retina. 
Two subtypes were found in W3D RGCs, On-centered and Off-centered, consistent with what was found 
in other species. Morphological properties of orientation selective W3D RGCs appeared similar to those 
reported in other species, including dendritic laminations. Thus, it is possible that these cells found in 
W3D RGCs are the corresponding orientation selective RGCs in mouse retina. However, it is noteworthy 
that the stimulus used in my study to detect orientation selectivity was different from those used 
previously. I used light bars moving in different directions and identified cells responding to motion in 
one axis but not the axis vertical to it. I called these cells orientation selective RGCs. In previous studies, 
people identified orientation selective cells by showing light or dark bars to the center of the cells with 
different orientations, and compared their responses (Amthor et al., 1989; Bloomfield, 1994; Levick, 
1967). Thus, in order to compare orientation selective W3D RGCs with those reported in other species, it 
is worth applying stimuli of bars with different orientations to W3D RGCs and examining the responses 
of these cells. 
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Chapter 6:  Genetic method for labeling electrically coupled cells: application 
to retina 
 
Preface: 
The work presented in this chapter was done in collaboration with no one. I have performed all 
experiments and data analysis. This work leads to a manuscript currently under review and was 
supervised by Josh Sanes. 
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6.1 Abstract 
Understanding how the nervous system functions requires mapping synaptic connections between 
neurons. Several methods are available for imaging neurons connected by chemical synapses, but few 
enable marking neurons connected by electrical synapses. Here, we demonstrate that a peptide 
transporter, Pept2, can be used for this purpose. Pept2 transports a gap junction-permeable fluorophore-
coupled dipeptide, beta-alanine-lysine-N-7-amino-4-methyl coumarin-3-acid (%ALA). Cre-dependent 
expression of pept2 in specific neurons followed by incubation in %ALA labeled electrically-coupled 
synaptic partners. Using this method, we analyze light-dependent modulation of electrical connectivity 
among retinal horizontal cells. 
!!!!!!!!!!!!!!
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6.2 Introduction 
Because neurons communicate with each other primarily through synapses, mapping patterns of 
synaptic connectivity is an essential step in understanding how neural circuits function.  Synapses are of 
two types: chemical, in which neurotransmitter released by the presynaptic cell signals to its postsynaptic 
partner, and electrical, in which currents pass directly from cell to cell through gap junctions (Siegelbaum 
and Kandel, 2013). To date, chemical synapses have received the vast majority of attention(Sanes and 
Yamagata, 2009;Yogev and Shen, 2014).  In contrast, patterns of electrical connectivity have been studied 
in relatively few cases (White et al., 1986;Volgyi et al., 2009;Varshney et al., 2011). In part, this 
inattention stemmed from the belief that electrical synapses were relatively rare in vertebrates. Over the 
past decade, however, it has become apparent that they are in fact numerous and play diverse roles in 
developing and adult animals (Connors and Long, 2004;Hormuzdi et al., 2004;Bloomfield and Volgyi, 
2009;Cook and Becker, 2009;Li et al., 2012;Yu et al., 2012;Apostolides and Trussell, 2013;Zhu et al., 
2013). It is therefore essential to redress the balance.  
One obstacle to the study of electrical synaptic connections –perhaps both a cause and an effect of 
the scant attention they have been paid- is that few methods are available for mapping them in the intact 
nervous system. Electrical connectivity is most often assessed by impaling a neuron with a microelectrode 
for injection of a dye that diffuses through gap junctions (Vaney, 1991;Mills and Massey, 1994;Hoshi et 
al., 2006).  This approaches is laborious, and difficult to apply to cells that are small, fragile or deeply 
buried in tissue. An alternative, intracellular recording of potentials evoked by stimulating a neighboring 
cell, is even more difficult because it faces the added obstacle of requiring paired recordings. Light 
microscopic immunohistochemical localization of individual electrical synapses is infeasible, both 
because gap junctions are often near the limit of optical resolution and because no single component is 
known that marks all and only electrical synapses. Electron microscopy provides sufficient resolution, but 
is hampered by the need to connect synapses to cells of origin through reconstruction from serial sections, 
which is laborious and currently applicably only to small volumes. 
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Recently, mapping of chemical synaptic connectivity has been aided by a variety of genetic 
methods for labeling synaptically connected neuronal pairs  (Wickersham et al., 2007;Feinberg et al., 
2008;Beier et al., 2011;Lo and Anderson, 2011). Parallel methods for mapping electrical synaptic 
connectivity could provide similar benefits.   Recently, one such method was introduced, in which an 
esterase is targeted to specific cells; it acts on a membrane-permeable substrate to generate a fluorophore 
that can pass through gap junctions (Tian et al., 2012). Here, we report an alternative method, in which 
we use cre recombinase-dependent vectors to target a peptide transporter to the membrane of cre-
expressing cells in vivo. We then incubated the tissue with a membrane-impermeable fluorophore-
conjugated dipeptide that can, once inside the cell, pass through gap junctions from the transporter-
expressing cell to electrically connected neighbors (Figure 6.1). 
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Figure 6.1 Schematic illustration of genetic method for labeling electrically coupled cells from Cre-
positive cells.  
A channel or transporter is expressed in Cre-positive cells, allowing them to take up gap junction 
permeable fluorescent substrates. The substrates diffuse through gap junctions to label coupled cells. 
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6.3 Results 
6.3.1 Pept2 mediates labeling of electrically-coupled cells 
We used a human embryonic kidney cell line, HEK293, to test transporters and channels that 
would facilitate entry of membrane-impermeable but gap junction-permeable fluorescent molecules into 
cells. HEK cells have been reported to express connexin 43 and to form numerous gap junctions when 
grown as a confluent monolayer (Gemel et al., 2004;Johnson et al., 2013;Patel et al., 2014); we confirmed 
expression of connexin 43 immunohistochemically (Figure 6.2 A) and we confirmed strong coupling by 
microinjection of neurobiotin, which is widely used to monitor coupling in tissue  (Figure 6.2 B).   
We tested five protein/substrate pairs.  Three were channels, TRPV1, TRPA1 and P2X7.  All 
three are non-selective cation channels that are permeable to fluorescent molecules such as, Yo-pro-1 
(TRPV1 and TRPA1) and ethidium (P2X7) (Meyers et al., 2003;Chen et al., 2009;Browne et al., 2013). 
We also tested the fluorescent dye Po-pro-1, which is closely related to Yo-pro-1. The other two proteins 
were related drug and peptide transporters, Pept1 and Pept2, both of which translocate the AMCA-labeled 
dipeptides beta-Ala-Lys (%ALA) and D-Ala-Lys (Dieck et al., 1999;Groneberg et al., 2001). Ethidium 
and Po-pro-1 are known to cross gap junctions (Hoshi et al., 2006;Kanaporis et al., 2011) and we used 
microinjection to show that the same is true for %ALA (Figure 6.2 C).  
In each case, we introduced the channel or transporter plus a fluorescent protein (XFP) by 
transfection into HEK293 cells, grew them for 1-2 days, then replated them with a 100 fold excess of 
unlabeled cells. The XFP was chosen to be distinguishable from the fluorophore to be tested. Once the 
cells reached confluency, we incubated them with the fluorophore. We activated TRPV1, TRPA1 and 
P2X7 by co-incubation with their ligands, capsaicin, allyl isothiocyanate (AITC) and ATP, respectively. 
We assessed uptake and transfer by observing substrate in XFP-labeled cells and neighboring XFP-
negative cells, respectively (Figure 6.2 D).  
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Signals in cells expressing TRPV1, TRPA1 and P2X7 channels were very dim and fluorophore 
was rarely detected in neighboring untransfected cells. In contrast, both Pept1 and Pept2 supported robust 
uptake of %ALA, which was then transferred to neighboring cells.  Of the two, Pept2 was superior, 
perhaps reflecting its high affinity (Daniel and Rubio-Aliaga, 2003;Zhang et al., 2004;Biegel et al., 2006) 
(Figure 6.2 E).  Uptake was specific in that it was negligible in untransfected cells and was completely 
blocked by incubation with a 200-fold excess of the competitive inhibitor, Glycine-Glutamine (Gly-Gln) 
(Figure 6.2 F).  We therefore used Pept2 for all subsequent studies reported here. 
We generated two vectors to express both Pept2 and GFP from a single transcript. In one, Pept2-
GFP, we fused GFP directly to the C-terminal of Pept2.  In the other, Pept2-p2a-GFP, the two proteins 
were separated by the self-cleaving p2a sequence. When tested in HEK 293 cells as above, both 
constructs worked as efficiently as Pept2 alone.  In both cases, uptake was inhibited by Gly-Gln and 
transfer from GFP-expressing to GFP-negative cells was inhibited by carbenoxolone (CBX) and 
meclofenamic acid (MFA), two widely used gap junction blockers. (Figure 6.3 A, B).  
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Figure 6.2 Pept2 method enables labeling gap junction-coupled cells. 
A. Cultured HEK cells stained with antibody against connexin 43 (Cx 43). Dapi shows cell nucleus 
and Neurotrace stains cytoplasm. Connexin 43 is enriched at the cell membrane between 
neighboring cells. 
B. HEK cells injected with neurobiotin and stained with Texas red-streptavidin. Red arrow 
indicates the injected cell.  
C. HEK cells injected with !ALA. Red arrow indicates the injected cell.  
D. Schematic illustration of the method for testing channels or transporters capable of 
importing small fluorescent substrate that can permeate gap junctions. 
E. HEK cells were transfected with GFP and Pept2, then mixed with untransfected cells and 
incubated with !ALA. !ALA diffused from GFP positive cells to adjacent coupled cells. 
F. HEK cells were transfected with GFP, GFP+Pept2 or Pept2-GFP. Uptake of !ALA was 
eliminated by Pept2 inhibitor Gly-Gln. 
Scale bars in A-C, E, F: 20µm. 
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Figure 6.2 Pept2 method enables labeling gap junction-coupled cells. (continued) 
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Figure 6.3 Both Pept2-GFP and Pept2-p2a-GFP mediate "ALA uptake. 
HEK cells were transfected with Pept2-GFP (A) or Pept2-p2a-GFP (B). Uptake of !ALA was 
blocked by Pept2 inhibitor Gly-Gln. Diffusion of !ALA to coupled cells was blocked by gap junction 
blockers MFA and CBX. Scale bar: 20µm. 
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6.3.2 Quantitative measurement of gap junction strength  
To quantify the strength of gap junctional coupling, we developed an analysis based on the 
equation that describes the diffusion of %ALA from the probe cell to the coupled cells (see Methods and 
Materials). We assume that the fluorescent intensity of %ALA is proportional to the concentration of 
%ALA. Therefore, at steady state, when the concentration of %ALA in each cell no longer changes with 
time, the fluorescent signal of %ALA from the probe cell to coupled cells follows an exponential decay 
(Figure 6.4 A).  We measured the intensity of label in probe and coupled cells following a 4 hour 
incubation. The labeling pattern was well described by the diffusion equation (Figure 6.4 B).  Thus, even 
though %ALA levels may not have reached the steady state following this period of incubation, our 
method provides a reasonable approximation of coupling.  
To test the ability of this method to detect changes in coupling, we varied the concentration of the 
gap junction blockers, MFA and CBX. In both cases, the fluorescent intensity of %ALA from the probe 
cell to coupled cells was well fitted by an exponential, with increasing concentrations of inhibitor leading 
to decreased diffusion and thus faster decay (Figure 6.4 C, D, E, F). From each curve we estimated the 
decay constant and used it to derive coupling strength S, which reflects how strongly two adjacent cells 
are coupled by gap junctions (Figure 6.4 G, H). Coupling was nearly abolished by 10$M CBX and 40$M 
MFA.  
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Figure 6.4 Pept2 method enables quantification of gap junction strength between cultured cells. 
A. Schematic illustration and measurement of the "ALA signals for quantification of gap 
junction strength.  
B. "ALA signals from the probe cell to coupled cells follow an exponential decay. 
C. Inhibition of  !ALA diffusion between gap junction-coupled cells by MFA at indicated 
concentrations. Scale bar: 50µm. 
D. Decay curves fitted from results in D. 
E. Coupling strength S calculated based on curves in D. *, p < 0.05; **, p < 0.01, n = 5 probe cells for 
each condition.  
F. Inhibition of  !ALA diffusion between gap junction-coupled cells by CBX at indicated 
concentrations. Scale bar: 50µm 
G. Decay curves fitted from results in F. 
H. Coupling strength S calculated based on G. *, p < 0.05; **, p < 0.01, n = 5 probe cells for each 
condition. 
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Figure 6.4 Pept2 method enables quantification of gap junction strength between cultured cells. 
(continued) 
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6.3.3 Pept2-mediated labeling of electrically-coupled retinal neurons 
We chose mouse retina for tests in vivo, because it can be incubated with substrate as a thin, flat 
explant and because specific patterns of electrical coupling among its neurons have been mapped in detail 
(Bloomfield and Volgyi, 2009;Volgyi et al., 2009). Initial tests revealed, however, that %ALA labeled a 
population of cells in wild-type retina, leading to signals that obscured some of the coupling we hoped to 
detect.  Immunolabeling revealed that the labeled cells were predominantly Muller glia (glutamine 
synthetase and Sox9-positive; Figure 6.5 A), and uptake was abolished by co-incubation with Gly-Gln 
(Figure 6.5 B). These results suggested that Muller glia express pept2, which has been reported to be 
expressed by some glial populations in brain (Berger and Hediger, 1999;Dieck et al., 1999;Zimmermann 
and Stan, 2010).  We therefore obtained targeted Pept2 null mutants (pept2-/-), which are viable and fertile 
(Shen et al., 2003). Uptake of %ALA into Muller glia was abolished in retinas from pept2-/- mice 
(Supplementary figure 1C). No reported neural phenotypes have been reported for pept2-/- (Shen et al., 
2003) and we detected no changes in numbers, positions or arbors of any retinal cell types examined 
(Figure 6.6).  We therefore used pept2-/- mice for studies in vivo. 
To express Pept2 in cre-expressing neurons, we generated the adeno-associated virus (AAV) 
serotype 2, AAV-DiO-Pept2-GFP in which a double-floxed inverted open-reading-frame (DiO) sequence 
renders expression of a Pept2-GFP fusion cre-dependent (Figure 6.7 A). To ensure that labeling was 
sparse, we used mouse line in which one retinal ganglion cell (RGC) type, J-RGCs, express Cre fused 
with estrogen receptor (CreER; (Kim et al., 2008)).  In this line, recombinase activity is induced by 
tamoxifen in a dosage-dependent fashion. We infected mouse retina with high-titer AAV-DiO-Pept2-GFP 
and administered a low dose of tamoxifen 10 days later so that Pept2 would be expressed in small 
numbers of J-RGCs.  
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GFP-expressing J-RGCs were readily recognizable by their strikingly asymmetric dendritic 
arbors (Figure 6.7 B). Coupling partners of J-RGCs were amacrine cells in the inner nuclear layer (INL) 
but not other RGCs, consistent with coupling patterns of presumptive J-RGCs determined by 
microinjection (Hoshi and Mills, 2009;Volgyi et al., 2009). MFA (100$M) blocked transfer of %ALA to 
the coupled amacrine cells (Figure 6.7 C), indicting that %ALA had been transferred from J-RGCs via 
electrical synapses. Thus, the Pept2 method enables labeling of electrically coupled neurons in mouse 
retina. 
We also introduced Pept2 into horizontal cells, which are electrically coupled to each other in 
many species, including mice (Kaneko, 1971;Dacheux and Raviola, 1982;Mills and Massey, 
1994;Bloomfield et al., 1995;Dacey, 1999;Dowling, 2012). For this purpose we injected AAV-DiO-
Pept2-GFP subretinally into Sdk2-CreER; pept2-/- mice; Sdk2 is a synaptic recognition molecules that is 
expressed by horizontal cells as well as by specific populations of RGCs and amacrine cells 
(Krishnaswamy et al., 2015) 
Probe (GFP-positive) cells were strongly labeled by !ALA, and a set of neighboring cells were 
labeled less strongly. Both probe and coupled cells were identifiable as horizontal cells based on their 
size, shape, mosaic arrangement (Figure 6.7 D) and labeling with anti-calbindin (see below). As with J-
RGCs, uptake by probe cells persisted but transfer was abolished in the presence of MFA (100µM), 
confirming that transfer reflected gap junctional coupling (Figure 6.7 E). Together, these results 
demonstrate that the Pept2 method can be used to detect electrically coupled neurons in vivo.  
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Figure 6.5 Muller glial cells express endogenous pept2 and take !ALA. 
A-C. !ALA uptake in wild type retina (A), wild type retina treated with Gly-Gln (B) and pept2-/-
retina (C). Sections were stained with antibody to glutamine synthetase and sox 9, which are 
molecular markers for Muller glia cells. Scale bar: 20µm. 
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Figure 6.6 Normal retinal architecture in pept2-/- animals. 
Sections of pept2-/- retinas stained with antibodies to cell-type specific markers. No differences 
between wild type and pept2-/- retinas were detected:  
Brn3a labels most RGCs; AP2 labels all amacrine cells; Chx10 labels all bipolar cells; Anti-ChAT 
labels somas and dendrites of starburst amacrine cells; Anti-protein kinase C (PKC) labels rod 
bipolar cells and a small subset of amacrine cells; Anti-disabled (DAB) labels AII amacrines; Anti-
Secretagogin labels subsets of bipolar cells; Anti-calbindin labels horizontal cells, subsets of RGCs 
and amacrine cells, including starburst amacrine cells; Anti-HCN4 labels type 3a bipolar cells; 
Anti-Arrestin labels cone photoreceptors. 
Scale bar: 20µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!196 
 
Figure 6.6 Normal retinal architecture in pept2-/- animals. (continued) 
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Figure 6.7 Pept2 method enables quantification of gap junction strength between cultured 
cells. 
A. Schematic illustration and measurement of the "ALA signals for quantification of gap 
junction strength.  
B. "ALA signals from the probe cell to coupled cells follow an exponential decay. 
C. Inhibition of  !ALA diffusion between gap junction-coupled cells by MFA at indicated 
concentrations. Scale bar: 50µm. 
D. Decay curves fitted from results in D. 
E. Coupling strength S calculated based on curves in D. *, p < 0.05; **, p < 0.01, n = 5 probe 
cells for each condition.  
F. Inhibition of  !ALA diffusion between gap junction-coupled cells by CBX at indicated 
concentrations. Scale bar: 50µm 
G. Decay curves fitted from results in F. 
H. Coupling strength S calculated based on G. *, p < 0.05; **, p < 0.01, n = 5 probe cells for each 
condition. 
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Figure 6.7 Pept2 method enables quantification of gap junction strength between cultured 
cells. (continued) 
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6.3.4 Light-dependent electrical coupling of horizontal cells  
The strength of horizontal cell coupling is modulated by light in several species, with coupling 
stronger in dark-adapted than in light-adapted retinas (Teranishi et al., 1983;Piccolino et al., 1984;Godley 
and Wurtman, 1988;Dong and McReynolds, 1991;Xin and Bloomfield, 1999;He et al., 2000;Zhang et al., 
2011;Dowling, 2012) Using the Pept2 method, we found that coupling strength is also light-dependent in 
mice: uptake of %ALA into GFP-positive cells did not differ detectably between light- and dark-adapted 
retinas, but coupling strength was greater in the latter case (Figure 6.8 A, B). Thus, electrical coupling of 
horizontal cells is modulated by illumination in mice as it is in other species.  
The ability of the Pept2 method to assay coupling of large numbers of cells over a large area 
allowed us to ask whether the effect of light-adaptation was local or whether it spread to dark-adapted 
regions of the same retina.  For this purpose, we mounted dark-adapted Sdk2-CreER; pept2-/ retina 
infected with AAV-DiO-Pept2-GFP on a membrane filter with a small window in it, and placed it in a 
dish perfused with Ringer’s solution. We illuminated the entire retina with a dim background light 
(1nW/cm2) and shone a bright spot (1µW/cm2) through the window region (Figure 6.8 C). The membrane 
filter was opaque and the periphery of the dish was lightproof, so only the portion of the retina within the 
window was illuminated. Nonetheless, coupling was equivalent for cells inside the window (light-
adapted) and outside the window (dark adapted; Figure 6.8 D).  Similar results were obtained in six 
separate experiments, with the coupling midway between that observed for fully light-adapted and fully 
dark-adapted retinas (Figure 6.8 E).  This result suggests that electrical synaptic strength is modulated 
based on the ‘averaged’ light level across a broad expanse of retina instead of its local level. 
We considered two alternative explanations for how the result in Figure 6.8 D, E might have 
arisen.  A trivial explanation is that light scattered from the window or penetrated the opaque filter to 
illuminate the nominally dark-adapted retina.  The more interesting possibility is that long-distance lateral 
connections mediate the effect. To distinguish these alternatives, we made cuts between the portions of 
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the retina that lay inside and outside the window before illuminating the central region. In this case, 
coupling of cells inside the window was low whereas coupling of cells outside the window was 
equivalent to that in fully dark-adapted retina (Figure 6.8 F, G, H). This result indicates that lateral 
connections lead to an equalization of coupling across the retina.    
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Figure 6.8 Analysis of light dependent electrical coupling between horizontal cells. 
A. Coupling between horizontal cells is stronger under dim light than under bright light. 
Horizontal cells are identified by the marker calbindin (Calb).  
B. Quantification of electrical coupling strength S in A. **, p < 0.01, n = 73 starter cells in 
bright light, n = 45 starter cells in dim light. 
C. Schematic of assays to measure gap junction strength between horizontal cells under local 
stimulus in intact retina. 
D. Coupling strength of illuminated horizontal cells in a ~4mm2 window (IN) and those in an 
adjacent unilluminated region (OUT).  
E. Quantification of gap junction strength from 6 separate retinas treated as in D. n = 5-19 
starter cells for each condition per retina. 
F. Schematic of assays to measure gap junction strength between horizontal cells under local 
stimulus in cut retina. 
G. Coupling strength of illuminated horizontal cells in a ~4mm2 window (Cut_IN) and those in 
an adjacent unilluminated region (Cut_OUT) from cut retina.  
H. Quantification of gap junction strength from 3 separate retinas treated as in G. n = 5-19 
starter cells for each condition per retina. 
Scale bars in A, D, E: 20µm. 
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Figure 6.8 Analysis of light dependent electrical coupling between horizontal cells. (continued) 
 
 
 !!!
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6.4 Discussion 
The purpose of this work was to develop a method for efficiently mapping electrical synaptic 
connections from genetically defined neurons. We introduced a method based on a dipeptide transporter 
Pept2 and its fluorescent substrate !ALA. Using transfection and virus infection, we tested the Pept2 
method in cultured cells and the retina. In both case, we observed expected coupling patterns, consistent 
what was reported previously. Fluorescence measured in the experiments allowed us to quantify gap 
junction strength, and to study modulation of gap junction connections by illumination. 
 
6.4.1 Choice of Pept2 
We started this study by screening 3 channels, TRPV1, TRPA1 and P2X7, and 2 transporters, 
Pept1 and Pept2. In the cases of TRPV1, TRPA1 and P2X7, levels of fluorescent substrates in the 
transfected cells were low and electrically coupled cells were rarely detected. This observation could be 
explained in at least two ways: First, prolonged activation of these channels can injure transfected cells 
(Jancso, Kiraly et al. 1977, Browne 2013). Formation of a non-selective pore in these channels, a process 
called pore-dilation (Meyers et al., 2003;Chen et al., 2009;Browne et al., 2013), allows permeation of 
potentially damaging cations, such as Ca2+. To circumvent this problem, we attempted to shorten the 
activation period or use a Ca2+ free incubation solution, but this had little effect. Alternatively, the 
permeability of these channels to large cations may depend less on pore-dilation than on activation of a 
secondary downstream pore (Bautista and Julius 2008). In this case, introducing fluorophores into the 
transfected cells would require co-expression of the secondary channel or transporter, which may not 
have been present in the cells we tested. 
In contrast, Pept1 and Pept2, which transport di- and tri-peptides and related drugs (Biegel et al., 
2006;Newstead et al., 2011;Smith et al., 2013), were suitable for introduction of fluorophores into cells. 
Of the two, Pept2 proved to be superior, likely because of its higher affinity: Pept2 can bind and transport 
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!ALA into the cell efficiently even when the extracellular concentration is low. This low concentration of 
!ALA causes low-level background, thus increases ratio of signal to noise (Daniel and Rubio-Aliaga, 
2003;Zhang et al., 2004;Biegel et al., 2006).  
 
6.4.2 Advantages of the Pept2 method 
The Pept2 method relies on two properties. First, Pept2 efficiently transports !ALA into cells. 
Previous studies have demonstrated that Pept2 is an oligopeptide-proton symporter. It functions as a 
secondary active transporter by direct coupling to H+-ATPase, or by indirect coupling to an ATPase 
through other transporters, for instance, coupling to a Na+/H+ exchanger which in turn couples to a Na+/K+ 
ATPase) (Beyenbach and Wieczorek, 2006;Sala-Rabanal et al., 2008;Newstead et al., 2011;Smith et al., 
2013). Active transport allows Pept2 to transport !ALA across the membrane against concentration 
gradient, allowing the intracellular concentration to reach higher level than the extracellular 
concentration. Indeed, we observed brighter !ALA signals in the transfected cells than in the bath 
solution. Second, !ALA can diffuse readily through gap junctions. Results from microinjection indicate 
that ideal fluorescent tracer for gap junction coupling should be small and positively charged(Mills and 
Massey, 1998;Kanaporis et al., 2011). !ALA has a net charge of +1, and a molecular weight of 432, 
comparable to 323 of Neurobiotin, a widely used tracer; and 579 of Po-pro-1, a recently reported 
tracer(Hoshi et al., 2006). We thus expected it to cross gap junctions and decomstrated that this was the 
base by direct injection into HEK cells, cultured neurons and retinal neurons (Figure 6.1).  
Compared with microinjection, the most widely used method for labeling electrically coupled 
neurons, the Pept2 method has at least two advantages. First, expressing Pept2 by transfection or virus 
infection enables us to label multiple cells at once, whereas cells must be targeted one by one for 
microinjection. Second, microinjection requires impaling a target cell with an electrode, whereas the 
Pept2 method is non-invasive, and maintains the integrity of the cell. Thus, the Pept2 method allows 
study of electrical coupling from small or fragile cells deeply buried in tissue, which poses challenges for 
microinjection. 
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6.4.3 Limitations of the Pept2 method 
Although the Pept2 method has advantages, it is currently limited in some ways. First. 
endogenous Pept2 is expressed by glial cells in the brain (Saito et al., 1996;Berger and Hediger, 
1999;Dieck et al., 1999), and by Muller glial cells in the retina (Supplementary Figure 1). This 
endogenous Pept2 expression led to background signals that obscured signals in labeled neurons. We 
therefore performed studies in pept2-/- mice so that probe cells and their electrically coupled cells could be 
visualized. This is obviously burdensome. Going forward, one could seek transporters that are not 
expressed in neuronal or glial cells, for instance, one derived from plants or fungi. Second, AMCA, the 
fluorophore used in this study, has low quantum yield compared with other fluorophores, such as 
fluorescein (Lavis and Raines, 2008). We used AMCA because !ALA was commercially available. It 
should be possible, however, to synthesize the di-peptide conjugated to brighter fluorophores. 
 
6.4.4 Modulation of electrical coupling between horizontal cells 
The Pept2 method allowed us to study modulation of electrical coupling between neurons, a 
phenomenon that occurs in many neuronal circuits (Bargmann and Marder, 2013). Specifically, we 
analyzed light dependent modulation of electrical coupling between horizontal cells. This modulation has 
been documented in other species (Teranishi et al., 1983;Piccolino et al., 1984;Godley and Wurtman, 
1988;Dong and McReynolds, 1991;Xin and Bloomfield, 1999;He et al., 2000;Zhang et al., 2011;Dowling, 
2012), and is believed to function in the following way: in dim light, coupling is high, averaging signals 
from multiple photoreceptors and increasing the receptive field of the horizontal cells.  This increase has 
the effect of enhancing the sensitivity of the retinal circuit at the expense of resolution. In bright light, 
coupling is decreased, sacrificing sensitivity for resolution (Masland 2001, Bloomfield and Volgyi 2009, 
Dowling 2012). We used the Pept2 method to confirm that light also modulates coupling of horizontal 
cells in mouse retina, and then asked whether the modulation was confined to the illuminated area. We 
found that electrical coupling between horizontal cells was modulated based on the ‘averaged’ light level 
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across a large area of retina. This contrast-averaged adaptation is different from conventional contrast 
adaptation at the photoreceptor level, which is local: exposed to a bright spot, only photoreceptors within 
the stimulus became light adapted and less sensitive to light level. This spatial restriction generates the 
afterimage (dark sensation) when eyes are moved away from a bright spot (Virsu, 1978). Thus, both local 
and global contrast adaptation exist in the mouse retina.  
The long-distance modulation of electrical coupling between horizontal cells could be explained 
by long-range lateral connections within the retina.Based on current knowledge, light dependent 
modulation depends on dopamine: light leads to activation of  dopaminergic amacrine cells in the retina, 
and causes dopamine release. Dopamine binds to dopaminergic receptors in horizontal cells and weakens 
the electrical coupling (Lasater, 1987;DeVries and Schwartz, 1989). Dopaminergic amacrine cells extend 
long processes that can span up to half of the whole retina (Zhang, Stone et al. 2004). Thus, we suggest 
that processes of dopaminergic amacrine cells underlie the ability of the retina to average light over a 
large area. 
In summary, the Pept2 method enables us to label neurons coupled by electrical synapses, thus 
opening up the possibility of completely mapping synaptic connectivity within a neural circuit. Combined 
with other techniques, such as functional imaging and gene profiling, it may also allow study of 
functional properties and molecular mechanism of electrical coupling. Finally, the ability of the Pept2 
method to assess modulation of electrical coupling can be used in other systems and under different 
conditions. 
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6.5 Methods and materials 
6.5.1 Animals: 
JamB-CreER and Sdk2-CreER mice were generated in our lab and have been described 
previously (Kim et al., 2008;Krishnaswamy et al., 2015). JamB-CreER mice label J-RGCs, which are 
OFF-type direction selective RGCs responding to upward motion. Sdk2-CreER mice label horizontal 
cells, as well as specific subtypes of amacrine cells and RGCs. pept2-/- mice, in which endogenous pept2 
expression was eliminated, were a kind gift from D. Smith (University of Michigan)(Shen et al., 2003).  
Mice were maintained on a C57B6 background. All experiments were conducted in accordance with 
protocols approved by the Institutional Animal Care and Use Committees at Harvard University. 
 
6.5.2 Molecular biology: 
Using standard molecular cloning techniques, coding sequences of Pept1 (mouse), Pept2 (human) 
and P2X7 (mouse) were inserted downstream of the CMV promoter in the plasmid of pCMV-N1-EGFP 
to generate pCMV-Pept1, pCMV-Pept2 and pCMV-P2X7. Constructs of pCMV-TRPV1 and pCMV-
TRPA1 were gifts from R. Gaudet (Harvard University).  
 pCMV-Pept2-GFP was generated by fusing the coding sequence of Pept2 (without STOP codon) 
to the N terminal of EGFP in the plasmid of pCMV-N1-EGFP. pCMV-Pept2-p2a-GFP was generated by 
linking the coding sequence of Pept2 (without STOP codon) to EGFP using p2a sequence: 5"-
CGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAACCCT
GGACCTA-3"(Kim et al., 2011). 
 AAV plasmid pAAV-hSyn1-DiO-WPRE was a kind gift from B. Lowell (Harvard Medical 
School). The Pept2-GFP sequence was cloned into this plasmid. The final vector was verified by 
sequencing and packaged in serotype 2 capsids following procedures described previously(Guo et al., 
2012). 
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6.5.3 Cell culture: 
HEK293 cells were seeded in 24-well plates and maintained in Dulbecco-modified Eagle’s minimal 
essential medium supplemented with 10% fetal calf serum. Plasmids were transfected into ~80% 
confluent HEK cells using lipofectamine 2000 reagent (Life Technology). 500ng of the channel or 
transporter DNA together with 500ng pCMV-XFP DNA were transfected. For pCMV-Pept2-GFP and 
pCMV-Pept2-p2a-GFP, a total of 500ng DNA was transfected. 
After transfection, HEK cells were grown for another 1 to 2 days, and then dissociated by 
pipetting. Dissociated cells were mixed with untransfected HEK cells at a ratio of 1:100, replated in a 24-
well plate, and grown for another day. 
 The assay for uptake and transfer was based on procedures described previously(Dieck et al., 
1999). After aspiration of the culture medium, HEK cells were washed twice and preincubated for 10 min 
with HEPES-buffered saline (HBS): 145 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 20 mM 
HEPES, and 20 mM glucose, pH = 7.2. The HBS was aspirated and the cells were incubated for 5min-1 
hour for TRPV1, TRPA1 and P2X7 and 1-6 hours for Pept1 and Pept2 with HBS containing fluorescent 
substrates. Substrate concentrations were: 100$M for Yo-pro-1 and Po-pro-1 (Life Technology), 100$M 
for Ethidium (Sigma) and 40$M for %ALA (Biotrend). Capsaisin(1$M; Sigma), allyl isothiocyanate 
(300$M; Sigma) or ATP (5mM, Sigma) were included to activate TRPV1, TRPA1 and P2X7 channels, 
respectively. After incubation, the cells were rapidly washed twice with ice-cold HBS, and then fixed 
with 4% paraformaldehyde (PFA) at 4 °C for 10min. Fixed cells were imaged using a Nikon inverted 
fluorescence microscope. 
 To test the specificity of Pept2-dependent uptake of %ALA, 8mM Gly-Gln was applied together 
with 40$M %ALA for the incubation. To determine whether intercellular movement of %ALA depended 
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on gap junctions, HEK cells were preincubated with HBS containing 100$M CBX or MFA for 10min 
before %ALA was applied. 
6.5.4 Quantification of gap junction strength from in vitro assays: 
The diffusion of %ALA from probe cells to coupled cells can be described by the following diffusion 
equations: 
! !! ! ! !!! !!" !!!! !! (1) 
!!" ! !! ! ! !! !!" ! !! ! ! !!"#! !! ! ! !!"!!"#$%&"' (2) 
 Cell position x is the number of cells from the probe cell (x = 0) to a coupled cell away from 
probe cell (Fig. 4A). C(x, t) indicates the concentration of %ALA at a cell with position x at time t, and !!"#$%&"' is the concentration of %ALA.  J(x, t) indicates the flow of %ALA at cell with position x at time t. !!" and !!"# are rate constants for passage of %ALA from the solution into the cell and from the cell to 
the solution. In the absence of Pept2, application of %ALA in the solution leads to background uptake at 
concentration of !!": 
!!"#!!" ! !!"!!"#$%&"' (3) 
At steady state when concentration of %ALA in the cells doesn’t change with time, we have 
!!" ! !! ! ! !  (4) 
At steady state, the concentration of %ALA in the probe cell is !!, and the diffusion equations 
have the solution: 
! ! ! !! ! !!" !!!" ! !!!" (5) 
which has the form of an exponential decay, with decay constant 
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! ! !!"#!   (6) 
We assume the measured fluorescent intensity (I) is proportional to the concentration (C) of 
%ALA, thus 
! ! ! !! ! !!" !!!" ! ! !!"  (7) 
Normalizing fluorescent intensity to that of probe cell !!, we get 
!!"#$%&'()* ! ! ! ! !!"!! !!!" ! ! !!"!!   (8) 
We fit data with this curve to get the decay constant !! 
 Gap junction strength S can then be defined as the proportion of substrate in the probe cell 
diffuses into the directly coupled cells: 
! ! ! !!!!!" !!!!!!!!!!!!!" !!!" ! !!!!"  (9) 
 
6.5.5 Retinal assays: 
Using methods described previously, AAV-hSyn1-DiO-Pept2-GFP was delivered 
subretinally(Samuel et al., 2014) to Sdk2-CreER; pept2-/- animals to label horizontal cells, and delivered 
intravitreally(Hong et al., 2011) to JamB-CreER; pept2-/- animals to label J-RGCs. For virus injection, 
adult animals were anaesthetized by intraperitoneal injection of ketamine/xylazine. A 301/2G needle was 
used to make a small hole in the temporal eye, below the cornea, and 2$L AAV-DiO-Pept2-GFP was 
injected with a Hamilton syringe and a 33G blunt-ended needle. Injected animals were euthanized and 
their retinas were dissected 4 weeks following injection. 
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Mice were dark adapted for at least 1 hour prior to euthanasia. Retinas were dissected under 
infrared illumination in Mouse Ringers’ solution (140 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM 
MgCl2, 22 mM NaHCO3, and 10 mM glucose) oxygenated with 95% O2, 5% CO2 at room temperature. 
The retina was then moved to a 6cm petri dish perfused with oxygenated Mouse Ringers’ at 32-34 °C. 
%ALA was added to the Mouse Ringers’ to a final concentration of 40$M, and the incubation was 
continued for ~4 hours. After incubation, the retina was rinsed twice with ice-cold oxygenated Mouse 
Ringers’, and then fixed with 4% paraformaldehyde (PFA) at 4 °C for 30min. The retina was then 
processed for immunostaining and imaging. 
 To study light-dependent modulation of gap junction strength, a ~2mm aperture was cut into an 
opaque nitrocelluose filter(HABG01300, Millipore) and the dissected retina was mounted on the filter. 
The filter was then mounted into a lightproof 6cm petri dish. Stimulation from a digital-light-processing 
projector (Dell) was focused onto the aperture. Stimulation intensity was 1$W/cm2. Background light 
intensity was 1nW/cm2. 30 min after the onset of light stimulation, %ALA was added to the Mouse 
Ringers’. After incubation, the retina with filter paper was rapidly washed twice with ice-cold oxygenated 
Mouse Ringers’ and fixed with 4% paraformaldehyde (PFA) at 4 °C for 30min. Following additional 
washes in PBS, the part of the retina within the aperture was separated from the rest by a sharp blade, and 
the two parts were processed for immunostaining and imaging. 
 To test whether the transfer of %ALA was through gap junction, 100$M MFA was applied 10 min 
before adding %ALA. 
 
6.5.6 Immunohistochemistry: 
Fixed retinas were either frozen and sectioned at 20µm in a cryostat or stained as whole mounts. 
Retina sections or whole mounts were incubated in PBS with 3% donkey serum and 0.3% Triton X-100 
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for blocking, followed by primary antibodies for #24 hours at 4°C and secondary antibodies for ~4 hours. 
Retinas were then washed with PBS and mounted in Fluoromount G (Southern Biotech). 
Primary antibodies used in this study were: rabbit anti-GFP (1:1000, Millipore); rabbit and mouse 
anti-calbindin (1:2000, Swant and 1:100, Swant); goat anti-choline acetyltransferase (ChAT) (1:400, 
Millipore); mouse anti-Brn3a (1:1000, Millipore); goat anti-Chx10 (1:200, Santa Cruz); mouse anti-AP2 
(1:1000, DSHB); mouse anti-HCN4 (1: 1000, clone N114.10); rabbit anti-PKC alpha (1:1000, P4334 in 
Sigma); rabbit anti-secretagogin (1:4000, Biovendor); rabbit anti-arrestin (1:200, Milipore); rabbit anti-
glutamine synthetase (1:1000, BD Biosciences); rabbit anti-sox9 (1:1000, Chemicon); mouse anti-
connexin 43 (1:50, Life Sciences); rabbit antibody to Dab1 (a kind gift from B. Howell, SUNY Upstate 
Medical University). Secondary antibodies were conjugated to DyLight 649 (Jackson ImmunoResearch) ,  
Alexa Fluor 568 or Alexa Fluor 488(Invitrogen) and used at 1:500. 
 
6.5.7 Imaging and quantification of signals: 
Retinal images were taken with Zeiss LSM-710 confocal microscope using 405, 488, 568 and 647 
lasers with a step size of 0.5 $m and a 40X NA 1.3 lens. Images were then analyzed using ImageJ (NIH) 
software. 
 To quantify electrical synaptic strength between horizontal cells, the %ALA signal in the starter 
GFP-positive horizontal cell was measured as I0. Horizontal cells surround this cell were identified by 
immunostaining for the marker calbindin. Because horizontal cells form a mosaic in mouse retina, we 
took the six horizontal cells that are closest to the probe cell as directly coupled cells, and measured 
%ALA signals in them as I1. The electrical synaptic strength S was defined as the proportion of substrate 
in the starter cell diffuses into the directly coupled cells. Adjusting for the background signals, we 
calculated the electrical synaptic strength as following: 
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! ! ! !"#$%&#'!!!!!!"!!!!!"   (10) 
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Chapter 7: Conclusion and future directions 
My thesis focused on a fundamental question in neuroscience -- how to classify subtypes of 
neurons in neural circuits. Different subtypes of neurons receive different inputs, project to different areas 
and form their own stereotyped connections. The diversity of neuronal subtypes and their physiological 
properties underlies the ability of neural circuits in generating complex behaviors and performing 
cognitive tasks. Thus, it is very important to classify and register each subtype of neurons in the nervous 
system. 
In my thesis work, I used the retina as a model system and classified a variety of RGCs. I have 
shown success in classifying three groups of RGCs – alpha RGCs, F-RGCs and W3D RGCs – using 
morphological, physiological and molecular criteria. Similar methods can now be used to classify other 
RGCs. In addition, my results illustrate how to tackle this problem in the brain. 
Along the way, I found a molecular marker of alpha RGCs, osteopontin, that could be used to 
promote axon regeneration. This can be potentially used to treat axon damage caused by spinal cord 
injury. Also, I developed a molecular genetic method to trace neurons coupled by electrical synapses, and 
I used it to probe electrical coupling from a subtype of RGCs, J-RGCs. This method can potentially be 
applied to other neuronal subtypes to study their electrical synaptic connections. 
In this chapter, I will summarize the results from previous chapters and list possible future 
directions that have been uncovered in my thesis.  
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7.1 Summary of studies 
7.1.1 RGCs can be classified into subtypes 
Genetic labeling of groups of RGCs in a transgenic or cre knock-in mouse line allowed us to 
target and study these RGCs specifically. My thesis work started from analyzing mouse lines with 
specific groups of RGCs labeled. To describe and classify different subtypes of RGCs labeled in these 
lines, I applied morphological, physiological and molecular criteria. Combination of these criteria allowed 
us to describe different RGC subtypes in detail and distinguish them in a precise manner. To include all 
these properties, I targeted individual cells with patch pipette for recording and then dye-filled these cells 
to reconstruct their morphologies. Molecular properties were acquired by immunohistochemistry 
screening. 
In Chapter 2, I described classification of alpha RGCs labeled in Kcng4-Cre lines. Analysis of 
alpha RGCs using above three criteria allowed us to classify them into four subtypes, each of which has 
distinct morphological and physiological property: Off-sustained, Off-transient, On-sustained and On-
transient alpha RGCs. Among them, On-transient subtype appeared to be a new subtype. This 
demonstrated the ability of using combined criteria to find new subtypes. 
In Chapter 4, I talked about a new group of RGCs, F-RGCs, labeled by transcription factor 
Foxp2, and their classifications. We found four subtypes of F-RGCs with distinct morphological, 
physiological and molecular properties. Two subtypes of F-RGCs with small dendritic fields, F-mini 
RGCs, have asymmetric dendrites and direction selectivity to where their dendrites point. The other two 
subtypes of F-RGCs have relatively large dendritic fields and are not direction selective. 
Chapter 5 showed my ongoing work to classify RGCs labeled in a transgenic mouse line called 
W3. Two groups of RGCs are labeled in W3 retina based on their different expression levels of 
fluorescent proteins. Previous studies showed that the brightly labeled cells, W3B-RGCs, comprise a 
single population of object motion sensors (Krishnaswamy et al., 2015; Zhang et al., 2012). I focused on 
the other larger population labeled dimly, W3D RGCs. The preliminary results showed that there are at 
least five subtypes of W3D RGCs with different morphological and physiological properties. 
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 These results from my thesis indicate that RGCs can be classified into subtypes. Besides these 
RGCs I described, one well-known example of RGC subtypes classified previously was On-Off direction 
selective RGCs. All of On-Off direction selective RGCs have dendrites co-laminated with processes of 
starburst amacrine cells, but based on their direction selectivity, these cells can be classified into four 
subtypes with preferred directions pointing dorsally, ventrally, nasally and temporally (Barlow and Hill, 
1963; Barlow and Levick, 1965; Kim et al., 2008; Levick, 1967; Oyster and Barlow, 1967). Recently, 
work from our lab revealed molecular markers to three subtypes of On-Off direction selective RGCs: 
Mmp17 is expressed in subtype with nasal preferred direction, and Col25a1 labels subtypes responding 
strongly to objects moving dorsally and ventrally (Kay et al., 2011). Together, all these subtypes of RGCs 
classified are summarized in Figure 7.1. 
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Figure 7.1 Summary of subtypes of RGCs classified 
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7.1.2 Role of osteopontin in promoting axon regeneration 
The studies described in Chapter 3 described the role of osteopontin, a molecular marker for all 
the alpha RGCs, in promoting axon regeneration. We noticed that RGCs differ dramatically in their 
abilities to survive and regenerate after axotomy. Alpha RGCs preferentially survive and regenerate 
compared with other RGCs. Osteopontin (OPN), a molecule I found to be specifically expressed in alpha 
RGCs, is sufficient to increase mTOR activity. By applying OPN in combination with growth factors, we 
were able to promote axon regeneration of RGCs. Thus, our work revealed the difference of regeneration 
abilities among subtypes of RGCs and found out a new agent to promote axon regeneration. 
 
7.1.3 A molecular genetic method to map electrical synaptic connections 
In Chapter 6, I reported my work in developing a method that can be used to map electrical 
synaptic connections from genetically defined neurons. Lack of methods that can map electrical synaptic 
connections from a genetically targeted neuron hinders us from getting a complete understanding of the 
neural circuit. To solve the problem, I developed a method to label cells connected to a probe cell by 
electrical synapses, making use of a dipeptide transporter Pept2. Expressing Pept2 in the probe cell in a 
Cre-dependent way makes the probe cell take a gap junction permeable fluorescent dipeptide, beta-
alanine-lysine-AMCA, which then diffuses and labels the coupled cells. I tested this method in cell 
culture and validated it in mouse retina using AAV carrying Pept2. Finally, I applied this method to J-
RGCs and horizontal cells, and studied modulation of gap junction connections between horizontal cells 
under different light conditions. 
 
7.2 Future directions 
7.2.1 What is the role of Kcng4 in alpha RGCs and Foxp2 in F-RGCs? 
In Chapter 2 and 4, I described four subtypes of alpha RGCs labeled in Kcng4-Cre lines and four 
subtypes of F-RGCs labeled in Foxp2-Cre lines. Alpha RGCs share molecular characters that distinguish 
them from other RGCs: Kcng4-Cre, neurofilament and osteopontin. In Chapter 3, I have reported the role 
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of osteopontin in promoting axon regeneration. Thus, one interesting question is what is the role of 
Kcng4, a potassium channel modulator in alpha RGCs. Given that Kcng4-Cre mouse can also serve as a 
knockout animal, one can specifically look at the phenotypes of alpha RGCs in Kcng4 knockout animals. 
Likewise, Foxp2 is the molecular signature of F-RGCs, and it is a transcriptional factor important in brain 
development (Shu et al., 2007), and normal functions in auditory and motor systems (Kurt et al., 2012; 
Shu et al., 2005). The function of Foxp2 in F-RGCs is unknown, and it is worth examining phenotypes of 
F-RGCs in Foxp2 knockout animals given the animals are available (French et al., 2007).  
 
7.2.2 How does F-mini RGCs compute direction selectivity? 
Four subtypes of F-RGCs were reported in Chapter 4. Among them, two subtypes with 
asymmetric dendrites and small dendritic fields were direction selective. Thus, one interesting question is 
how they compute direction selectivity. In mouse retina, most of the studies have focused on four 
subtypes of On-Off direction selective RGCs, which differ in their preferred directions. On-Off direction 
selective RGCs co-fasciculate and form synapses with starburst amacrine cells, which is important in their 
direction selectivity (Borst and Helmstaedter, 2015; Vaney et al., 2012). However, the two subtypes of F-
mini RGCs don’t appear to co-fasciculate with starburst amacrine cells, indicating that they have different 
mechanisms of computing direction selectivity than On-Off direction selective RGCs. There are also three 
subtypes of On-direction selective RGCs, which differ in their preferred directions (Barlow et al., 1964; 
Sun et al., 2006). But direction selectivity of these On-direction selective RGCs also depends on synapses 
formed between them and starburst amacrine cells. So far, only one Off-direction selective RGCs, J-
RGCs, was reported (Kim et al., 2008), whose direction selectivity depends on their asymmetric 
dendrites. F-mini RGCs also have asymmetric dendrites. Thus, it remains to be determined whether their 
direction selectivity depends on this characteristic, and beyond this, what is the circuit mechanism of 
direction selectivity of F-mini RGCs. 
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7.2.3 Mapping retinal circuits of alpha RGCs and F-RGCs 
As I mentioned above, in order to understand how alpha RGCs and F-RGCs have their 
characteristic physiological properties, it is important to map circuits of these cells in the retina. For 
example, we can use connectomic techniques to reconstruct synaptic connections from F-RGCs or alpha 
RGCs from electron microscopy images or super resolution images (Helmstaedter et al., 2013; Kim et al., 
2014; Sigal et al., 2015). Alternatively, we can test whether specific synaptic connections exit between F-
RGCs or alpha RGCs and certain bipolar cells or amacrine cells. This can be done by expressing 
channelrhodopsin in presynaptic neurons, activating these neurons with two-photon stimulation and 
recording synaptic inputs from the postsynaptic neurons (Duan et al., 2014; Krishnaswamy et al., 2015). 
 
7.2.4 Mapping electrical coupling from other neurons using Pept2 
Pept2 method described in Chapter 6 provides an efficient way to map electrical synaptic 
connections from genetically defined neurons. I used it to map electrical synaptic connections from a 
subtype of RGCs called J-RGCs. In the future, it is worth applying it to other subtypes of RGCs to 
understand their electrical coupling and how this contributes to the function of these cells. Moreover, 
given that there are more and more evidence showing electrical coupling plays diverse roles in developing 
and adult animals (Apostolides and Trussell, 2013; Bloomfield and Volgyi, 2009; Connors and Long, 
2004; Cook and Becker, 2009; Hormuzdi et al., 2004; Li et al., 2012; Yu et al., 2012; Zhu et al., 2013), it 
will be valuable to apply it to different subtypes of neurons in other part of the brain, for example, 
interneurons in the cortex which form extensive electrical synaptic connections. We can use Pept2 
method to map electrical coupling from these neurons, study its formation during development and 
understand how it is modulated under different conditions. 
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